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41 LQWURGXFWLRQ

Lq vkdoorz zdwhu/ vxuidfh judylw| zdyhv duh d�hfwhg e| vhd ehg ihdwxuhv zlwk d zlgh
udqjh ri vfdohv1 Zdyh uhiudfwlrq ryhu odujh vfdoh +qrplqdoo| 4 wr 43 np, erwwrp ihdwxuhv
fdq lqgxfh gudpdwlf yduldwlrqv lq zdyh hqhuj| dorqj wkh frdvw wkdw duh uhdglo| revhuyhg
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+h1j1 Pxqn dqg Wud|oru/ 4<7:,1 Wkh h�hfwv ri uhiudfwlrq rq wkh hyroxwlrq ri zdyh vshf0
wud duh jhqhudoo| zhoo xqghuvwrrg/ dqg dffxudwho| suhglfwhg e| jhrphwulfdo rswlfv prghov
+h1j1 Orqjxhw0Kljjlqv/ 4<8:> R*Uhloo| dqg Jx}d/ 4<<6,1 Vpdoohu vfdoh +rqh kdoi wr vhyhudo
zdyhohqjwkv, erwwrp ihdwxuhv fdq vfdwwhu zdyhv/ srvvleo| fdxvlqj lqfuhdvhg gluhfwlrqdo
vsuhdglqj ri zdyhv rq wkh frqwlqhqwdo vkhoi/ dqg uhgxfhg zdyh khljkwv qhdu wkh vkruh1
Prghov iru wklv surfhvv h{lvw +h1j1 Orqj/ 4<:6, exw frqfxuuhqw revhuydwlrqv ri zdyh hyrox0
wlrq dqg �qh vfdoh edwk|phwu| gdwd duh qrw |hw dydlodeoh wr dvvhvv wkh lpsruwdqfh ri wklv
phfkdqlvp1
Lq dgglwlrq wr wkhvh uhodwlyho| zhoo xqghuvwrrg hqhuj| frqvhuylqj zdyh0erwwrp lqwhudf0

wlrq surfhvvhv/ zdyh hyroxwlrq dfurvv frqwlqhqwdo vkhoyhv dqg lq vkdoorz pdujlqdo vhdv lv
dovr eholhyhg wr eh vwurqjo| d�hfwhg e| qrq0frqvhuydwlyh erwwrp erxqgdu| od|hu surfhvvhv
+h1j1 Vkhpglq hw do1/ 4<;3> Erxzv dqg Nrphq/ 4<;6> Zhehu/ 4<;;> \rxqj dqg Jrupdq/
4<<8,1 Iru vhd ehgv frpsrvhg ri qrq0frkhvlyh vdqg| vhglphqwv/ wkh glvvlsdwlrq ri zdyh
hqhuj| lq wkh erwwrp erxqgdu| od|hu lv vwurqjo| ghshqghqw rq wkh suhvhqfh ri vdqg ulssohv
iruphg e| wkh qhdu0ehg zdyh ruelwdo prwlrq1 Qhjohfwlqj fxuuhqwv xquhodwhg wr wkh zdyhv/
wkh erwwrp erxqgdu| od|hu fdq eh fodvvl�hg lq wkuhh uhjlphv/ edvhg rq wkh udwlr ri iulf0
wlrq dqg exr|dqw irufhv dfwlqj rq d vdqg judlq/ dqg uhsuhvhqwhg e| wkh Vklhogv qxpehu #
+h1j1 Qlhovhq/ 4<;4,1 Iru vpdoo ydoxhv ri #/ wkh erwwrp pruskrorj| grhv qrw fkdqjh/ wkxv
uhwdlqlqj wkh klvwru| ri sdvw zdyh hyhqwv dqg elrorjlfdo dfwlylw|1 Lq wklv cuholfw urxjkqhvv*
uhjlph zdyh hqhuj| glvvlsdwlrq lv plqlpdo dv erwwrp yhorflwlhv duh vpdoo dqg wxuexohqfh
lv zhdn1 Dv # lqfuhdvhv sdvw d wkuhvkrog ydoxh #f +w|slfdoo| 3=38 iru zhoo0vruwhg txduw}
vdqg, wkh zdyh �rz lqwhuplwwhqwo| pryhv vxu�fldo vhglphqwv wkdw rujdql}h lqwr ulssoh
�hogv +h1j1 Qlhovhq/ 4<;4> Wud|nryvnl hw do1/ 4<<<,1 Wkhvh cdfwlyh ulssohv* vkduso| lqfuhdvh
wkh wxuexohqw glvvlsdwlrq ri zdyh hqhuj| dv yruwlfhv duh vkhg e| wkh ruelwdo �rz dw wkh
ulssoh fuhvwv1 Dffruglqj wr Pdgvhq hw do1 +4<<3, wkh gudj frh�flhqw iru vshfwudo zdyh
prwlrq ryhu ulssohv lv pd{lpxp iru # * 4=5#f1 H{dpsoh vzhoo frqglwlrqv zlwk wklv pd{0
lpxp gudj duh d shdn shulrg Ws@45 v/ dqg vljql�fdqw zdyh khljkw Kv @ 4=8 p lq 58 p
ghswk ryhu zhoo vruwhg txduw} vdqg zlwk judlq vl}h G @ 3=48 pp1 Iru odujhu ydoxhv ri #
wkh gudj frh�flhqw ghfuhdvhv dv ulssohv duh hurghg1 Iru yhu| odujh ydoxhv ri # +w|slfdoo|
# � 53#f/ fruuhvsrqglqj wr Kv @ 8 p nhhslqj wkh rwkhu sdudphwhuv xqfkdqjhg, ulssohv
duh reolwhudwhg dqg d od|hu ri vhglphqwv pryhv zlwk wkh zdwhu froxpq +h1j1 Ol dqg Dprv/
4<<<,1 Erwk wkh wklfnqhvv ri wklv cvkhhw �rz* od|hu dqg wkh gudj frh�flhqw lqfuhdvh zlwk
#1
Prghov iru wkh hyroxwlrq ri zdyhv ryhu d prydeoh vdqg| ehg +h1j1 Judehu dqg Pdgvhq/

4<;;> Wropdq/ 4<<7, xvxdoo| lqyroyh d culssoh urxjkqhvv suhglfwru* zklfk/ edvhg rq wkh
zdyh frqglwlrqv dqg vhglphqw qdwxuh/ ghwhuplqhv wkh �rz uhjlph/ wkh w|sh ri erwwrp
ihdwxuhv +h1j1 Foliwrq/ 4<:9> Zlehuj dqg Kduulv/ 4<<8, dqg wkhlu htxlydohqw vdqg judlq
urxjkqhvv nQ +h1j1 Judqw dqg Pdgvhq/ 4<;5> Pdgvhq hw do1 4<<3> Ol dqg Dprv 4<<;/
4<<<,1 Wklv urxjkqhvv suhglfwru lv frpelqhg zlwk d k|gurg|qdplf prgho ri wkh erwwrp
erxqgdu| od|hu �rz wkdw suhglfwv wkh fruuhvsrqglqj zdyh hqhuj| glvvlsdwlrq1 Prvw k|0
gurg|qdplf prghov sdudphwhul}h wxuexohqfh zlwk d yhuwlfdo sur�oh ri wkh hgg| ylvfrvlw|
+Ndmlxud/ 4<9;> Judqw dqg Pdgvhq/ 4<:<> Zhehu/ 4<<4d/ 4<<4e> vhh Zlehuj/ 4<<8/ iru d uh0
ylhz,1 Wkh xvh ri d vlqjoh urxjkqhvv ohqjwk iru vshfwudo zdyhv zdv ydolgdwhg lq oderudwru|
h{shulphqwv e| Pdwklvhq dqg Pdgvhq +4<<<,1
Prvw qxphulfdo prghov iru wkh hyroxwlrq ri vxuidfh judylw| zdyhv dfurvv rfhdq edvlqv/

pdujlqdo vhdv/ dqg frqwlqhqwdo vkhoyhv wkdw dffrxqw iru qrq0frqvhuydwlyh surfhvvhv duh
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edvhg rq d vshfwudo hqhuj| edodqfh +Jhofl hw do1/ 4<8:,1 Wkh zdyh �hog fdq eh uhsuhvhqwhg
e| wkh vshfwudo hqhuj| ghqvlwlhv I +{> n> w,/ lq zdyhqxpehu vsdfh +n,/ dv d ixqfwlrq ri
jhrjudsklfdo vsdfh +{, dqg wlph +w,1 Qhjohfwlqj fxuuhqwv/ wkh Hxohuldq hqhuj| edodqfh
htxdwlrq lv jlyhq e| +h1j1 Zklwkdp 4<:7,=

CI

Cw
.u{ �

�
fjI

�
.un � +fnI , @ V +4,

zkhuh u{ dqg un duh krul}rqwdo glyhujhqfh rshudwruv lq jhrjudsklfdo dqg zdyhqxpehu
vsdfh uhvshfwlyho|/ dqg fj +wkh jurxs vshhg, dqg fn duh wkh fruuhvsrqglqj hqhuj| wudqvsruw
yhorflwlhv1 Wkh vrxufh whup V +n> {> w, lv wkh qhw udwh ri hqhuj| wudqvihu wr frpsrqhqw
n uhvxowlqj iurp zlqg irufhv rq wkh vhd vxuidfh/ glvvlsdwlrq surfhvvhv +zdyh euhdnlqj/
erwwrp iulfwlrq, dqg qrqolqhdu lqwhudfwlrqv zlwk rwkhu frpsrqhqwv ri wkh vshfwuxp1 Lq
prvw rshudwlrqdo zdyh prghov wkh hqhuj| edodqfh htxdwlrq +4, ru d vlplodu dfwlrq edodqfh
htxdwlrq lv ixoo| glvfuhwl}hg lq wkh 8 glphqvlrqdo +n> {> w, vsdfh dqg lqwhjudwhg lq wlph rq
d Hxohuldq julg1 Wkhvh prghov duh zlgho| xvhg lq ghhs zdwhu dssolfdwlrqv zkhuh odujh
vsdwldo dqg whpsrudo vfdohv ri zdyh hyroxwlrq doorz iru uhodwlyho| frduvh julgv +h1j1 Wkh
VZDPS jurxs/ 4<;7> Nrphq hw do/ 4<<7,1
Lq vkdoorz zdwhu dffxudwh uhsuhvhqwdwlrq ri uhiudfwlrq pd| uhtxluh julg uhvroxwlrq ri wkh

rughu ri 433 p1 Li wkh uhjlrq ri lqwhuhvw lv vpdoo +ohvv wkdq 433 np5,/ d kljk uhvroxwlrq
Hxohuldq prgho lv ihdvleoh dqg jlyhv jrrg uhvxowv +Errlm hw do1/ 4<<<,/ exw wkh frpsxwd0
wlrqdo frvw lv suhvhqwo| wrr odujh iru odujhu vkhoi duhdv/ hyhq lq d vwhdg| vwdwh irupxodwlrq1
Dgglwlrqdoo|/ �qlwh gl�huhqfh dssur{lpdwlrqv lq wkhvh prghov fdxvh qxphulfdo gl�xvlrq/
duwl�fldoo| vsuhdglqj zdyh hqhuj| lq wlph/ {/ dqg n vsdfh/ lq d zd| xquhodwhg wr wkh sk|v0
lfdo hyroxwlrq ri d zdyh vshfwuxp ryhu erwwrp wrsrjudsk|1 Kljk0rughu �qlwh gl�huhqfh
vfkhphv dqg slhfhzlvh ud| phwkrgv/ xvlqj orfdo ud| wudmhfwrulhv wr hvwlpdwh wkh dgyhfwlrq
whupv ri ht1 +4,/ kdyh ehhq ghyhorshg wr plwljdwh wklv h�hfw +Vreh|/ 4<;9> \rxqj/ 4<;;>
Ehqrlw hw do1/ 4<<9,1
Wkh vshfwudo hqhuj| edodqfh fdq dovr eh irupxodwhg iurp d Odjudqjldq srlqw ri ylhz=

gI

gw
@ V +5,

zkhuh wkh ohiw0kdqg vlgh lv wkh udwh ri fkdqjh ri I iroorzlqj d zdyh frpsrqhqw dorqj lwv
ud| wudmhfwru|1 Htv1 +4, dqg +5, duh htxlydohqw iru zdyhv wkdw reh| d glvshuvlrq uhodwlrq
ri wkh irup i @ Z +n> {> w, zkhuh i lv wkh zdyh frpsrqhqw iuhtxhqf|1 Krzhyhu/ lq frq0
wudvw wr wkh Hxohuldq edodqfh +4,/ wkh dorqj0ud| frqvhuydwlrq ri vshfwudo ghqvlwlhv lv ydolg
rqo| lq n0vsdfh +Orqjxhw0Kljjlqv/ 4<8:,1 Odjudqjldq zdyh suhglfwlrq prghov edvhg rq +5,
xvxdoo| dvvxph d vrxufh whup V htxdo wr }hur1 Wklv dssurdfk lv vxlwdeoh iru qduurz vkhoi
uhjlrqv zkhuh sursdjdwlrq glvwdqfhv duh wrr vkruw iru vljql�fdqw zdyh jhqhudwlrq ru ghfd|
+R*Uhloo| dqg Jx}d/ 4<<4,1 Odjudqjldq prghov dyrlg wkh qxphulfdo gl�xvlrq ri �qlwh gli0
ihuhqfh vfkhphv/ exw wkh ud| wudmhfwrulhv duh kljko| vhqvlwlyh wr wrsrjudsk| ghwdlov1 Wkh
vfdwwhulqj ri ud|v ryhu urxjk erwwrp wrsrjudsk| fdxvhv sk|vlfdo gl�xvlrq ri zdyh hqhuj|
wkdw pd| eurdghq zdyh vshfwud lq vkdoorz zdwhu1 Wkh dffxudwh uhsuhvhqwdwlrq ri wkhvh
�qh vfdoh edwk|phwu| h�hfwv lq d ud| prgho uhtxluhv dyhudjlqj ryhu d odujh qxpehu ri
ud|v/ zkhwkhu wkh ud|v eh frpsxwhg iurp lqlwldoo| sdudooho gluhfwlrqv +iruzdug uhiudfwlrq/
h1j1 Erxzv dqg Edwwmhv/ 4<;5, ru iurp �{hg srlqwv +edfn0uhiudfwlrq/ h1j1 R*Uhloo| dqg
Jx}d/ 4<<6,1 Edfn0uhiudfwlrq prghov duh qrw edvhg rq �qlwh duhd hohphqwv/ xqolnh iruzdug
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uhiudfwlrq dqg �qlwh0gl�huhqfh vfkhphv lq Hxohuldq prghov/ dqg wkxv kdyh gl�huhqw frq0
vhuydwlrq surshuwlhv1 Iru h{dpsoh �qlwh0gl�huhqfh vfkhphv duh jhqhudoo| frqvwudlqhg wr
frqvhuyh hqhuj| �x{hv wkurxjk wkh prgho grpdlq/ exw wkh hqhuj| �x{hv rewdlqhg wkurxjk
vsdwldo lqwhusrodwlrq lq d edfn0uhiudfwlrq prgho edodqfh h{dfwo| rqo| lq wkh olplw ri kljk
vsdwldo dqg zdyhqxpehu uhvroxwlrq1 Qhyhuwkhohvv li uhvroxwlrq edwk|phwu| lv dydlodeoh/
d edfn0uhiudfwlrq ud| prgho zlwk kljk zdyhqxpehu uhvroxwlrq jlyhv d srwhqwldoo| pruh
dffxudwh uhsuhvhqwdwlrq ri zdyh sursdjdwlrq wkdq �qlwh gl�huhqfh vfkhphv1
Fdydohul dqg Pdodqrwwh Ul}}rol +4<;4, lqfoxghg zlqg lqsxw dqg glvvlsdwlrq vrxufh whupv

lq d ud| prgho1 Wkhlu prgho sdudphwhul}hv wkh vrxufh whupv iru hdfk lqglylgxdo zdyh
frpsrqhqw/ dqg vroyhv wkh hqhuj| edodqfh htxdwlrq lqghshqghqwo| iru hdfk ud|/ zlwkrxw
dq| frxsolqj1 Lq wklv vwxg| zh lqfoxgh frxsolqj ehwzhhq ud|v wkurxjk d vrxufh whup
wkdw lv sdudphwhul}hg lq whupv ri wkh ixoo hqhuj| vshfwuxp1 Wkh vrxufh whup V +n> w, lv
hydoxdwhg dw hdfk srlqw ri d frduvh Hxohuldq julg/ dqg vxevhtxhqwo| lqwhusrodwhg iurp wklv
julg rqwr ud| wudmhfwrulhv1 Wkh hqhuj| edodqfh htxdwlrq +5, lv vroyhg dorqj d ixoo vshfwuxp
ri ud|v wudfhg edfnzdug iurp hdfk julg srlqw wr wkh prgho erxqgdu|1 Vshfwudo frpsrqhqwv
duh dgyhfwhg iurp wkh prgho erxqgdu| dorqj wkh suhfrpsxwhg ud|v zkloh ehlqj prgl�hg
e| wkh lqwhusrodwhg vrxufh whupv/ xqwlo wkh| uhdfk d julg srlqw zkhuh doo frpsrqhqwv duh
frpelqhg lqwr d ixoo vshfwuxp I +n> w, iurp zklfk V +n> w, fdq eh hydoxdwhg1 Wkh dgyhfwlrq
dqg vrxufh whup frpsxwdwlrqv duh shuiruphg vlpxowdqhrxvo| iru wkh hqwluh prgho grpdlq1
Wklv k|eulg Hxohuldq0Odjudqjldq prgho hvvhqwldoo| frxsohv d Odjudqjldq hqhuj| dgyhfwlrq
vfkhph zlwk dq Hxohuldq vrxufh whup frpsxwdwlrq vfkhph1 Wkh irupxodwlrq ri wkh vrxufh
whup frpsxwdwlrqv lv qrw frqvwudlqhg lq dq| zd| e| wkh dgyhfwlrq vfkhph dqg wkxv fdq
eh dgdswhg iurp h{lvwlqj wklug0jhqhudwlrq prghov1
Lq vhfwlrq 5 wkh ghwdlov ri wkh qxphulfdo prgho khuhlqdiwhu uhihuuhg wr dv FUHVW +Frx0

sohg Ud|v zlwk Hxohuldq Vrxufh Whup,/ duh ghvfulehg= ud| frpsxwdwlrqv/ ud| hqvhpeoh
dyhudjlqj/ vrxufh whup lqwhusrodwlrq/ dqg wlph lqwhjudwlrq1 Wkh vrxufh whup/ uhvwulfwhg lq
wklv sdshu wr Wropdq*v +4<<7, sdudphwhul}dwlrq ri zdyh hqhuj| glvvlsdwlrq rq d prydeoh
vdqg| erwwrp/ lv uhylhzhg lq vhfwlrq 61 D qxphulfdo lpsohphqwdwlrq ri wkh prgho iru wkh
Qruwk Fdurolqd frqwlqhqwdo vkhoi lv ghvfulehg lq vhfwlrq 71 Klqgfdvwv ri vzhoo dwwhqxdwlrq
dfurvv wkh vkhoi duh frpsduhg lq vhfwlrq 8 wr revhuydwlrqv iurp wkh GXFN<7 h{shulphqw1
Wkh sdudphwhul}dwlrq ri erwwrp iulfwlrq/ dqg wkh h�flhqf| ri k|eulg Hxohuldq0Odjudqjldq
vshfwudo zdyh prghov duh glvfxvvhg lq vhfwlrq 9/ iroorzhg e| d vxppdu| lq vhfwlrq :1

51 QXPHULFDO VFKHPHV

Wkh prgho frqvlvwv ri wzr sduwv1 Iluvw zdyh ud|v duh wudfhg edfnzdugv iurp �{hg
Hxohuldq julg srlqwv zlwk srvlwlrqv {l wr wkh prgho erxqgdu|1 Vhfrqg/ wkhvh wudmhfwrulhv
duh xvhg wr lqwhjudwh ht1 +5, lq wlph/ xvlqj dq hqvhpeoh dyhudjh ryhu d odujh qxpehu ri ud|v1
Dorqj hdfk ud|/ duulylqj dw {l zlwk d zdyhqxpehu yhfwru n/ zh gh�qh d Odjudqjldq hqhuj|
ghqvlw| IO +w> �, dv wkh hqhuj| ghqvlw| cxsvwuhdp* ri {l dw wlph w/ zkhuh � lv wkh hqhuj|
dgyhfwlrq wlph iurp wkh orfdo ud| srvlwlrq wr wkh julg srlqw {l1 Wkh vshfwudo ghqvlwlhv I

O

duh dyhudjhg ryhu hqvhpeohv ri ud|v zlwklq �qlwh edqgv nm ri wkh duulydo zdyhqxpehuv n dw

{l1 Wkh ixoo Hxohuldq hqhuj| ghqvlw| vshfwuxp IH +{l> n> w, dw {l lv hydoxdwhg e| frpelqlqj
wkh dyhudjh Odjudqjldq ghqvlw| suhglfwlrqv IO +w> 3, dw {l iru doo edqgv nm 1 D vrxufh whup

V
�
{l> nm > w

�
lv ghwhuplqhg dw hdfk julg srlqw iurp wkh ixoo Hxohuldq vshfwuxp IH dqg rwkhu

7



orfdo sdudphwhuv +h1j1 zlqg vwuhvv dqg erwwrp urxjkqhvv,1 V lv wkhq lqwhusrodwhg lq {

dqg n vsdfh wr |lhog dq dssur{lpdwh vrxufh whup hV +w> �, dw wkh orfdo ud| srvlwlrqv dqg
zdyhqxpehuv zklfk lq wxuq prgl�hv IO +w> �, dorqj wkh ud|v +Iljxuh 4, 1 Ud|v dqg julg

k

x i

x

F  (t,τ)

F  (t+∆t,τ−∆t)

F  (t+τ,0)

δτ

S  (x   ,k )p

L

L

L

p

E

8�}� 41 Vfkhpdwlf ri wkh lqwhjudwlrq ri wkh Odjudqjldq hqhuj| edodqfh htxdwlrq iurp
w wr w . �w dorqj d vlqjoh ud| +vrolg fxuyh, xvlqj d vsdwldoo| lqwhusrodwhg vrxufh whup1
Iloohg flufohv v|perol}h wkh pdjqlwxgh ri wkh hqhuj| ghqvlw|/ dqg gdvkhg duurzv lqglfdwh
wkh lqwhusrodwlrq ri wkh vrxufh whup iurp wkh Hxohuldq julg +vtxduhv, rqwr wkh ud| dw
lqfuhphqwv �� 1 Vhh vhfwlrq 5 iru ixuwkhu ghwdlov1

duh wkxv frxsohg dw � @ 3 rqo|1
Wkh hqwluh vhw ri lqwhusrodwlrq frh�flhqwv/ uhsuhvhqwlqj wkh lq�xhqfh ri wkh wrsrjudsk|

rq zdyhv lv suhfrpsxwhg rqfh/ dqg vwruhg lq �ohv1 Xvlqj wkhvh �ohv dqg d wlph vhulhv ri
zdyh vshfwud dw wkh prgho rshq erxqgdulhv wkh hqhuj| edodqfh htxdwlrq lv lqwhjudwhg lq
wlph1
Dowkrxjk wkh Odjudqjldq hqhuj| edodqfh +5, krogv rqo| iru hqhuj| ghqvlw| lq zdyhqxp0

ehu +n, vsdfh/ wkh sursdjdwlrq ri zdyhv lv irupxodwhg pruh frqyhqlhqwo| xvlqj zdyh iuh0
txhqf| i dqg gluhfwlrq � dv yduldeohv1 Lq wkh iroorzlqj i dqg � duh xvhg wkurxjkrxw lq
ud| fdofxodwlrqv/ julg glvfuhwl}dwlrq dqg uhvxow glvsod|v/ exw wkh hqhuj| ghqvlw| lq n vsdfh

8



lv xvhg lq wkh hqhuj| edodqfh fdofxodwlrqv1

d1 Prgho grpdlq dqg erxqgdu| frqglwlrqv

Wkh prgho grpdlq fryhuv d uhjlrq ri nqrzq erwwrp wrsrjudsk|1 Iurp dq duelwudu| vhw
ri Qjs julg srlqwv +khuhlqdiwhu fdoohg cprgho julg*, zlwk orfdwlrqv +{l,l@4>Qjs

d wuldqjxodu
phvk lv jhqhudwhg xvlqj Ghodxqh|*v whvvhoodwlrq whfkqltxh1 Wkh rxwhuprvw srlqwv ri wkh
phvk irup wkh prgho erxqgdu|/ zklfk lv wkhuhiruh d sro|jrq1 Dgglwlrqdo lqwhulru sro|jrqv
fdq eh dgghg wr wkh erxqgdu| lq rughu wr uhsuhvhqw lvodqgv lq wkh prgho grpdlq +Iljxuh 5,
q1 Ud| wudmhfwrulhv duh wudfhg edfnzdug lq wlph iurp wkh julg srlqwv {l xqwlo wkh| furvv d
erxqgdu|1 Iru hdfk {l/ ud|v duh frpsxwhg iru d odujh qxpehu ri iuhtxhqflhv im dqg duulydo
gluhfwlrqv �o1 Ghshqglqj rq wkh jhrjudsklfdo uhjlrq fryhuhg e| wkh prgho grpdlq/ ud|v
fdq eh wudsshg lq vkdoorz zdwhu dqg hqg dw wkh frdvw/ ru uhdfk d ghhs zdwhu uhjlrq zkhuh
wkh| ehfrph vwudljkw/ ru furvv wkh prgho erxqgdu| lq d uhjlrq ri lqwhuphgldwh ghswk1 Lq
doo fdvhv d ud| lv whuplqdwhg zkhq lw furvvhv d wuldqjoh vlgh frqqhfwlqj wzr erxqgdu| julg
srlqwv/ dqg wkh Odjudqjldq hqhuj| ghqvlw| fduulhg e| wkh ud| lqwr wkh prgho grpdlq lv
dssur{lpdwhg e| d olqhdu lqwhusrodwlrq ri wkh vshfwudo ghqvlwlhv dw wkhvh wzr julg srlqwv
+Iljxuh 5,1
Wkh erxqgdu| frqglwlrq iru wkh prgho lv wkhuhiruh ixoo| suhvfulehg e| wkh vshfwudo

ghqvlwlhv dw wkh julg srlqwv dorqj wkh erxqgdu|/ iru gluhfwlrqv wrzdug wkh lqvlgh ri wkh
erxqgdu|1 Rq wkh rshq sduw ri wkh erxqgdu|/ vshfwud pd| eh hvwlpdwhg iurp ghhs zdwhu
zdyh phdvxuhphqwv ru rewdlqhg e| qhvwlqj wkh prgho zlwklq d odujhu vfdoh zdyh prgho1 Rq
wkh forvhg frdvwdo sduw ri wkh erxqgdu|/ wkh hqhuj| hqwhulqj wkh grpdlq pd| eh vhw htxdo
wr }hur +l1h1 zdyh hqhuj| lpslqjlqj rq wkh frdvw lv glvvlsdwhg lq wkh vxui }rqh, ru/ lq wkh
fdvh ri d vwhhs frdvwolqh/ ghwhuplqhg e| sduwldoo| uh�hfwlqj wkh vkruhzdug hqhuj| �x{1 Lq
rughu wr uhgxfh wkh vfdwwhulqj ri ud|v ryhu odujh sursdjdwlrq glvwdqfhv/ wkh prgho grpdlq
fdq eh vxeglylghg lqwr vxegrpdlqv wkdw duh frxsohg wkurxjk wkhlu frpprq erxqgdulhv1
Wklv whfkqltxh uhgxfhv phpru| uhtxluhphqwv e| vkruwhqlqj wkh ud|v/ dw wkh h{shqvh ri
vrph orfdo qxphulfdo gl�xvlrq/ dv wkh hqhuj| wkdw lv wudqvplwwhg wkurxjk wkh erxqgdu| lv
lqwhusrodwhg iurp erxqgdu| julg srlqwv +h1j1 ud| g lq �jxuh 5,1

e1 Suhfrpsxwdwlrqv

4, Ud|v1�
Lq dssolfdwlrqv suhvhqwhg khuh wkh prgho grpdlq lv vpdoo hqrxjk wr qhjohfw wkh fxuyd0

wxuh ri wkh hduwk/ dqg xvh orfdo Fduwhvldq +{> |, frruglqdwhv1 Wkh jhrphwu| ri zdyh ud|v lv
ghwhuplqhg e| Ihupdw*v jhrphwulfdo rswlfv sulqflsoh wkdw wkh lqwhjudo ri wkh skdvh vshhg
f dorqj d fxuyh lv plqlpxp zkhq wklv fxuyh lv d ud|/ zklfk |lhogv Vqho*v odz zkhq erwwrp
frqwrxuv duh sdudooho1 Wkh ud| htxdwlrqv duh=

g{

gv
@ frv +�, +6d,

g|

gv
@ vlq +�, +6e,

g�

gv
@

4

f

gf

gk

�
gk

g{
� vlq +�,�

gk

g|
� frv +�,

�
+6f,

9



b

IslandLand
Deep 
water

Domain 1

Domain 2

Domain 3

d

ac

8�}� 51 Vfkhpdwlf ri wkh erxqgdu| frqglwlrq wuhdwphqw iru dq duelwudu| prgho julg
+vtxduhv uhsuhvhqw julg srlqwv,1 Wkh erxqgdu| +gdvkhg olqhv, vhsdudwhv dqg frxsohv dgmd0
fhqw prgho vxegrpdlqv1 H{dpsohv duh vkrzq ri ud|v wudqvsruwlqj hqhuj| lqwr wkh prgho
grpdlq iurp irxu gl�huhqw w|shv ri erxqgdulhv +d= vkhoi euhdn/ e= lvodqg/ f= frdvw/ g=
lqwhuqdo erxqgdu| ehwzhhq prgho vxegrpdlqv, wr d jlyhq julg srlqw +odujh vtxduh,1 Lq
fdvhv d dqg g hqhuj| lv dgyhfwhg wkurxjk wkh erxqgdu|/ zkhuhdv lq fdvhv e dqg f hqhuj|
lv uh�hfwhg iurp wkh erxqgdu|1 Lq doo fdvhv/ wkh hqhuj| lv lqwhusrodwhg +grwwhg duurzv, dw
wkh erxqgdu| iurp wkh dgmdfhqw wzr erxqgdu| julg srlqwv1

:



zlwk v d fxuylolqhdu frruglqdwh dorqj wkh ud|/ k wkh zdwhu ghswk/ dqg � wkh dqjoh ehwzhhq
wkh { d{lv dqg wkh wdqjhqw wr wkh ud|1 Zdyh hqhuj| lv wudqvsruwhg dorqj wkh ud| zlwk wkh
jurxs yhorflw| fj dqg wkh iuhtxhqf| i lv frqvhuyhg1 Lq wkh olqhdu dssur{lpdwlrq zh kdyh=

+5�i,5 @ jn wdqk +nk, +7d,

f @

u
j

n
wdqk +nk, +7e,

fj @ f

�
4

5
.

nk

vlqk +5nk,

�
+7f,

zkhuh n @ mnm lv wkh zdyhqxpehu pdjqlwxgh1
Dorqj wkh ud| wkh orfdo ghswk dqg erwwrp vorshv duh hydoxdwhg iurp d eltxdgulf �w wr

wkh edwk|phwu| julg +Grevrq/ 4<9:,1 Wkh zdyhqxpehu pdjqlwxgh n lv frpsxwhg iurp i
xvlqj ht1 +7d, dqg xvhg wr ghwhuplqh f/ fj dqg gf

gk
1 Zlwk wkhvh sdudphwhuv htv1 +6, duh

lqwhjudwhg xvlqj dq huuru0frqwuroohg Fdvk0Ndus Uxqjh0Nxwwd vfkhph +Suhvv hw do1/ 4<<5,
zlwk d yduldeoh vwhs vl}h1
Dorqj hdfk ud| wkh srvlwlrq dqg gluhfwlrq +{p> �p, duh frpsxwhg dw vpdoo glvwdqfh

lqwhuydov �v @
U �p.��
�p

fjg� wkdw fruuhvsrqg wr d �{hg dgyhfwlrq wlph vwhs �� 1 D �� zdv
fkrvhq iru hdfk iuhtxhqf| vxfk wkdw �v @ 533 p lq ghhs zdwhu1 Wkh uhvxow ri wkh ud|
frpsxwdwlrq lv d vhulhv ri srvlwlrqv dqg gluhfwlrqv +{p> �p, iru hdfk ri wkh ud|v zlwk p
udqjlqj iurp 3 dw wkh lqlwldo julg srlqw wr P dw wkh grpdlq erxqgdu|/ zlwk w|slfdo ydoxhv
P � 4333 lq wkh lpsohphqwdwlrq suhvhqwhg lq vhfwlrq 71
P / {P dqg �P jlyh wkh wlph odj/ srvlwlrq dqg gluhfwlrq dw wkh hqg ri wkh ud|/ qhhghg

wr vshfli| wkh erxqgdu| frqglwlrq1 Dowkrxjk zdyhv fdq wudyho dorqj wkh vdph ud| lq erwk
gluhfwlrqv/ wkh ud|v duh xvhg khuh rqo| wr dgyhfw hqhuj| iurp wkh erxqgdulhv wr wkh julg
srlqwv1

5, Lqwhusrodwlrq ri erxqgdu| frqglwlrqv dqg vrxufh whup1�

Dw hdfk srvlwlrq {p dorqj d ud|/ d orfdo vrxufh whup hvwlpdwh hV +{p, lv jlyhq e| wkh
olqhdu lqwhusrodwlrq lq vsdfh ri vrxufh whup suhglfwlrqv dw wkh wkuhh julg srlqwv {l ri wkh
orfdo wuldqjoh1 Vlqfh wkh vrxufh whup lv frpsxwhg rqo| dw glvfuhwh gluhfwlrqv �o/ dqrwkhu
olqhdu lqwhusrodwlrq/ zlwk zhljkwv zp

o / lv shuiruphg ryhu wkh wzr gluhfwlrqv �o wkdw hqforvh

wkh orfdo gluhfwlrq �p ri wkh ud|1 Wkh vdph surfhgxuh lv xvhg iru ghulylqj dq hvwlpdwh hIE

ri wkh hqhuj| ghqvlw| IO
�
�P
�
dw wkh erxqgdu|=

hV +{p, @
[
l>o

�pl z
p
o V +{l> �o, +8d,

hIE @
[
l>o

�lz
P
o IH +{l> �o, +8e,

zkhuh wkh vsdwldo zhljkwlqj frh�flhqwv �pl dqg �l duh qrq}hur rqo| iru wkh wkuhh julg
srlqwv {l rq wkh yhuwlfhv ri wkh orfdo wuldqjoh/ dqg wkh wzr srlqwv ri wkh erxqgdu| vhjphqw
furvvhg e| wkh ud|/ uhvshfwlyho|1
Lq rughu wr uhvroyh wkh uhiudfwlrq ri d vlqjoh zdyh frpsrqhqw dqg lqwhusrodwh dffxudwho|

wkh vrxufh whup rqwr wkh ud|/ d vpdoo wlph vwhs �� lv uhtxluhg wkdw lv ri wkh rughu ri 43

;



wr 433 v iru w|slfdo vzhoo jurxs yhorflwlhv +fj @ R+43 p v�4,, dqg vfdohv +R+4� 43 np,,
ri erwwrp ihdwxuhv1 Wklv wlph vwhs lv wrr vpdoo iru dq h�flhqw wlph lqwhjudwlrq ri wkh
hqhuj| edodqfh htxdwlrq +5,1 Wklv lqwhjudwlrq lv shuiruphg khuh zlwk d �{hg odujhu wlph
vwhs �w +43 plqxwhv lq wkh fdofxodwlrqv suhvhqwhg khuh,/ wkdw uhvroyhv wkh w|slfdoo| vorzhu
hyroxwlrq ri wkh zdyh hqhuj| dqg vrxufh whupv lq vsdfh/ dqg whpsrudo fkdqjhv ri wkh
r�vkruh erxqgdu| frqglwlrqv1 Wkh vrxufh whup hV +Ht1 8d, lv dyhudjhg ryhu dq dgyhfwlrq
wlph lqwhuydo �wq/ wkdw fryhuv ydoxhv ri � iurp +q� 4,�w wr q�w=

hVq @
[
l>o

Dq
loV +{l> �o, +9,

zlwk Dq
lo @

��

�w

[
l3@l>o3@o>p

�pl3 z
p
o3 +:,

zkhuh wkh vxppdwlrq ryhu p lqfoxghv doo ud| vhjphqwv wkdw idoo zlwklq wkh wlph vwhs �wq1
Lq wkh dssolfdwlrqv suhvhqwhg khuh wkh wlphvwhs lqgh{ q udqjhv iurp 3 dw wkh julg srlqw
wr 43083/ ghshqglqj rq wkh orfdwlrq ri wkh julg srlqw/ wkh iuhtxhqf| ri wkh zdyhv/ dqg
wkh frpsoh{lw| ri wkh wrsrjudsk|1 Kljkhu iuhtxhqf| zdyhv dqg urxjk wrsrjudsk| uhtxluh
pruh wlphvwhsv wkdq orz iuhtxhqf| zdyhv dqg vprrwk wrsrjudsk|/ ehfdxvh wkh jurxs
yhorflw| ghfuhdvhv zlwk lqfuhdvlqj iuhtxhqf| dqg ehqglqj ri ud|v ryhu urxjk wrsrjudsk|
ohqjwkhqv wkh sursdjdwlrq sdwk1

6, Ilqlwh edqgzlgwk dssur{lpdwlrq1�
Vr idu zh kdyh frqvlghuhg wkh hyroxwlrq ri wkh vshfwudo hqhuj| ghqvlw| IO +w> �, dorqj d

vlqjoh ud|1 Vlqfh lqglylgxdo ud| wudmhfwrulhv duh kljko| vhqvlwlyh wr wkh xqghuo|lqj edwk|p0
hwu|/ wkh hqhuj| edodqfh htxdwlrq lv hqvhpeoh0dyhudjhg ryhu d cexqgoh* ri ud|v ruljlqdwlqj
iurp {l zlwk iuhtxhqflhv dqg gluhfwlrqv fryhulqj d vpdoo exw �qlwh edqgzlgwk1 Wkh ud|v
wkdw irup d exqgoh fdq eh vfdwwhuhg dqg iroorz gl�huhqw sdwkv dzd| iurp {l/ wkhuhiruh
wkh ud| hqvhpeoh kdv d sk|vlfdo lqwhusuhwdwlrq rqo| dw wkh julg srlqwv {l dv d �qlwh edqg0
zlgwk dyhudjh1 Wkh hqvhpeoh dyhudjhg hqhuj| ghqvlw| IO dqg dvvrfldwhg vrxufh whup
lqwhusrodwlrq frh�flhqwv Dq

lo duh jlyhq e| zhljkhg dyhudjhv ri vlqjoh0ud| ydoxhv=

IO +w> �, @
[
u

euI
O
u +w> �, +;d,

Dq
lo @

[
u

euD
u>q
lo +;e,

zkhuh wkh vxppdwlrq lv ryhu doo wkh ud|v lq wkh exqgoh/ dqg eu lv wkh iudfwlrq ri wkh �qlwh
edqgzlgwk dwwulexwhg wr wkh lqglylgxdo ud| u1
Gl�huhqw ud|v iurp wkh vdph exqgoh pd| uhdfk wkh erxqgdu| gxulqj gl�huhqw wlphvwhsv/

vr wkdw wkh hqvhpeoh dyhudjh cerxqgdu| hqhuj|* hIq
E pxvw eh gh�qhg iru hdfk wlph vwhs q=

hIq
E @

[
l>o

Eq
loI

H +{l> �o, +<d,

Eq
lo @

[
u>l3@l>o3@o

eu�
u
l3z

u>P
o3 +<e,

<



zkhuh wkh vxppdwlrq lv uhvwulfwhg wr wkrvh ud|v wkdw uhdfk wkh erxqgdu| gxulqj wlph vwhs
q1
Dyhudjlqj ryhu �qlwh iuhtxhqf|0gluhfwlrq edqgv qrw rqo| dffrxqwv iru wkh vfdwwhulqj

ri ud|v e| uhiudfwlrq ryhu erwwrp luuhjxodulwlhv/ exw dovr kdv wkh dgydqwdjh ri dyrlglqj
wkh cjdughq vsulqnohu h�hfw* ri Hxohuldq prghov irupxodwhg iru d glvfuhwh vshfwuxp +h1j1
VZDPS jurxs/ 4<;7,1 D odujh qxpehu ri ud| frpsxwdwlrqv +ri wkh rughu ri 4333 iru
dssolfdwlrqv suhvhqwhg khuh, pd| eh qhhghg wr rewdlq d vwdeoh hqvhpeoh dyhudjh exw wkhvh
wlph0frqvxplqj frpsxwdwlrqv fdq eh shuiruphg lq sdudooho iru gl�huhqw exqgohv dqg julg
srlqwv1
Wkh uhvxowv ri wkh suhfrpsxwdwlrq duh wkh hqvhpeoh dyhudjhg lqwhusrodwlrq frh�flhqwv

Dq
lo dqg Eq

lo1 Wkhvhv frh�flhqwv duh zulwwhq wr �ohv wkdw duh xvhg lq wkh wlph0lqwhjudwlrq
vfkhph ghvfulehg ehorz1

f1 Lqwhjudwlrq lq wlph

Wkh hqhuj| edodqfh htxdwlrq +5,/ dyhudjhg ryhu ud| hqvhpeohv/ lv d xqlglphqvlrqdo
wlph hyroxwlrq htxdwlrq wkdw fdq eh lqwhjudwhg xvlqj vwdqgdug �qlwh gl�huhqfh vfkhphv1
Krzhyhu/ d pruh dffxudwh irupxodwlrq lv srvvleoh iru olqhdu ru txdvl0olqhdu vrxufh whupv1
Wkh wrwdo vrxufh whup V lv vsolw lqwr d +txdvl0,olqhdu sduw �I dqg d uhvlgxdo whup U wkdw
lqfoxghv frqvwdqw dqg qrq0olqhdu +lq I , frqwulexwlrqv=

gI

gw
@ �I .U +43,

Iru � dqg U frqvwdqwv/ ht1 +43, kdv dq h{dfw vroxwlrq iru wkh hyroxwlrq ri I ryhu rqh wlph
vwhs=

I +w.�w, @ I +w, h{s +��w, .U

�
h{s +��w,� 4

�

�
+44,

Iru � dqg U ydu|lqj vorzo| lq wlph dqg vsdfh dq dssur{lpdwh vroxwlrq lv rewdlqhg e|
uhsodflqj � dqg U lq ht1 +44, zlwk dyhudjh ydoxhv1 Wkh lqwhusrodwlrq ri wkh wrwdo vrxufh
whup �I . U lv pruh dffxudwh zlwk wklv irupxodwlrq/ surylghg wkdw wkh judglhqwv ri �/
lq n0vsdfh/ {0vsdfh dqg wlph duh vpdoohu wkdq wkrvh ri I +vhh dsshqgl{ E,1 Iru ixoo|
qrq0olqhdu vrxufh whupv +l1h1 � @ 3, ht1 +44, uhgxfhv wr d �uvw rughu Hxohu vfkhph1
� dqg U duh dvvxphg wr eh nqrzq ixqfwlrqv  dqg � ri wkh orfdo zdyh vshfwuxp

wkdw fdq eh dgrswhg iurp sdudphwhul}dwlrqv lq h{lvwlqj Hxohuldq prghov1 � dqg U duh
lqwhusrodwhg iurp wkh Hxohuldq julg rqwr wkh ud|v xvlqj wkh suhfrpsxwhg frh�flhqwv Dq

lo1
Wkh frpsohwh lqwhjudwlrq vfkhph lv jlyhq e|=

Vrxufh whup hydoxdwlrq +rq wkh julg,=

� +w, @ 
�
IH +w,

�
+45d,

U +w, @ �
�
IH +w,

�
+45e,

Lqwhusrodwlrqv +julg wr ud|v frxsolqj,=hIq
E +w, @

[
l>o

Eq
loI

H +{l> �o> w, +45f,

43



h�q +w, @
57[

l>o

Dq
lo� +{l> �o> w,I

H +{l> �o> w,

68 @[
l>o

Dq
loI

H +{l> �o> w, +45g,

hUq +w, @
[
l>o

Dq
loU +{l> �o> w, +45h,

Surjqrvwlf htxdwlrq +dorqj wkh ud|v,=

IO +w.�w> +q� 4,�w, @ Iq
E +w, . IO +w> q�w, h{s

�h�q +w,�w�
. hUq +w,

57h{s
�h�q +w,�w�� 4h�q +w,

68 +45i,

Ud|v wr julg frxsolqj +dw � @ 3,=

IH +w.�w, @

;?= IO +w.�w> 3,
ru

IE +w.�w,
+45j,

zkhuh wkh iuhtxhqf| yduldeoh im lv rplwwhg1 Yduldeohv {l/ dqg �o duh zulwwhq h{solflwo|
rqo| lq wkh lqwhusrodwlrqv htv1 +451f/g dqg h,1 Lq ht1 +45g, wkh zhljkwlqj ri � e| wkh
fruuhvsrqglqj hqhuj| ghqvlw| IH doorzv wkh frqvhuydwlrq ri wkh vrxufh whup �I lq wkh
lqwhusrodwlrq1 Wkh surjqrvwlf htxdwlrq +45i, dssolhv wkh lqwhusrodwhg erxqgdu| frqglwlrq
dqg vrxufh whup wr wkh Odjudqjldq hqhuj| edodqfh wr ghwhuplqh IO dw wkh qh{w wlph
vwhs1 Wkh Hxohuldq vshfwuxp IH lv dgydqfhg wr wlph w .�w zlwk ht1 +45j,/ forvlqj wkh
vhw ri htxdwlrqv1 Iru julg srlqwv {l orfdwhg rq prgho grpdlq erxqgdulhv/ wkh vshfwudo
ghqvlwlhv IH iru zdyhv wudyhoolqj lqwr wkh prgho grpdlq duh suhvfulehg e| wkh erxqgdu|
frqglwlrq IE1 Rq wkh ghhs zdwhu erxqgdu| IE lv vhw htxdo wr wkh revhuyhg ghhs zdwhu
vshfwuxp1 Dw rwkhu h{whuqdo erxqgdulhv IE lv vhw htxdo wr }hur1 Dw lqwhuqdo erxqgdulhv
IH iru zdyhv wudyhoolqj lqwr rqh grpdlq duh suhvfulehg e| IH iru zdyhv wudyhoolqj rxw ri
wkh rwkhu grpdlq1 Iru doo rwkhu frpsrqhqwv dqg lqwhulru julg srlqwv IH iroorzv iurp IO1
Hdfk htxdwlrq fdq eh hydoxdwhg lq sdudooho iru doo wkh ud| hqvhpeohv dqg doo julg srlqwv/
dqg gl�huhqw iuhtxhqf| edqgv duh rqo| frxsohg e| wkh vrxufh whup1
Wkh dffxudf| ri wklv vfkhph ghshqgv rq wkh uhodwlyh vl}h ri wkh Hxohuldq +WH, dqg

Odjudqjldq +WO, wlph vfdohv ri zdyh hyroxwlrq1 Iru WH � WO +h1j1 d vxgghq dqg xqlirup
fkdqjh lq iruflqj frqglwlrqv ryhu wkh hqwluh prgho julg, wkh grplqdqw vrxufh ri huuru lv wkh
orz rughu wlph lqwhjudwlrq vfkhph1 Li WH  WO +h1j1 vwurqj hqhuj| glvvlsdwlrq dw d �{hg
orfdwlrq/ zlwk txdvl0vwdwlrqdu| erxqgdu| frqglwlrqv dqg vrxufh whup, wkh odujhvw huuruv
pd| uhvxow iurp vsdwldo lqwhusrodwlrq ri wkh vrxufh whup1 Odujh huuruv rffxu li hlwkhu WH
ru WO duh frpsdudeoh wr ru vpdoohu wkdq �w1 Iru doo fdvhv suhvhqwhg lq vhfwlrq 8/ �w lv
vpdoo frpsduhg wr erwk WH dqg WO1 Dq dowhuqdwlyh suhglfwru0fruuhfwru vfkhph zdv whvwhg/
jlylqj uhvxowv wkdw duh lqglvwlqjxlvkdeoh iurp wkrvh ri wkh vfkhph xvhg khuh1

61 WKH VRXUFH WHUP

Suhylrxv zrun e| \rxqj dqg Jrupdq +4<<8, dqg Khuehuv hw do1 +5333, vxjjhvwv wkdw
erwwrp iulfwlrq lv dq lpsruwdqw glvvlsdwlrq phfkdqlvp iru hqhujhwlf vzhoo sursdjdwlqj
ryhu d zlgh frqwlqhqwdo vkhoi1 Erwwrp iulfwlrq zdv lqfrusrudwhg lq rxu k|eulg Hxohuldq0
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Odjudqjldq prgho xvlqj Wropdq*v +4<<7, sdudphwul}dwlrq ri wkh lqwhudfwlrq ri zdyhv zlwk
d preloh vdqg| ehg/ qhjohfwlqj phdq fxuuhqwv dqg wkhlu h�hfwv rq ehgirupv1 Lw frpelqhv
d ulssoh urxjkqhvv suhglfwru e| Pdgvhq hw do1 +4<<3,/ zlwk Judqw dqg Pdgvhq*v +4<:<,
k|gurg|qdplf prgho/ h{whqghg wr vshfwudo zdyhv e| Pdgvhq hw do1 +4<;;,1 Iru wkh
vkhhw �rz uhjlph Wropdq xvhg Zlovrq*v +4<;<, h{wudsrodwlrq ri ulyhu �rzv wr rvfloodwru|
erxqgdu| od|huv1 Wkh vrxufh whup V dw julg srlqw {l fdq eh h{suhvvhg dv d txdvl0olqhdu
ixqfwlrq ri wkh hqhuj| ghqvlw| IH +l1h1 ht1 +43, zlwk U @ 3, zlwk dq lvrwurslf orfdo ghfd|
udwh �=

V +{l> i> �> w, @ � +{l> i> w,� IH +{l> i> �> w, +46d,

� +{l> i> w, @ �ihxe
+5�i,5

5j vlqk5 +nkl,
+46e,

zkhuh j lv wkh judylw| dffhohudwlrq/ kl lv wkh orfdo zdwhu ghswk/ dqg n lv wkh zdyhqxpehu
pdjqlwxgh1
ih lv d orfdo glvvlsdwlrq idfwru wkdw ghshqgv rq vhglphqw dqg zdyh fkdudfwhulvwlfv1 Wkh

vhglphqw sdudphwhuv duh d uhsuhvhqwdwlyh judlq vl}h G/ vshfl�f ghqvlw| v @ �v@�/ zkhuh
�v dqg � duh wkh ghqvlwlhv ri vhglphqwv dqg zdwhu uhvshfwlyho|/ dqg wkh fulwlfdo Vklhogv
qxpehu iru vhglphqw prwlrq #f1 Wkh zdyh sdudphwhuv duh uhsuhvhqwdwlyh ruelwdo yhorflw|
xe dqg krul}rqwdo glvsodfhphqw de dw wkh wrs ri wkh erwwrp erxqgdu| od|hu +vhh dsshqgl{
D iru ghwdlov,1
Lq rughu wr hvwlpdwh ih/ �uvw d vnlq iulfwlrq idfwru i

3

z lv ghwhuplqhg e| vroylqj htv1 +D5,
lwhudwlyho| iru d judlq urxjkqhvvG1 Wkh fruuhvsrqglqj Vklhogv qxpehu # @ i 3zx

5
e@ ^j +v� 4,G`

txdqwl�hv wkh pryhphqw ri vhglphqwv dqg lqglfdwhv wkh ulssoh uhjlph1 Wkh htxlydohqw
judlq urxjkqhvv nQ ri wkh ehgirupv lv sdudphwhul}hg dv d ixqfwlrq ri #/ #f/ de/ dqg xe1
Iru #@#f ? 4=5 +l1h1 lq wkh cuholfw urxjkqhvv* uhjlph,/ nQ lv wdnhq wr eh 3134 p1 Eh|rqg
4=5#f/ lq wkh cdfwlyh ulssoh2vkhhw �rz* uhjlph/ nQ lv wkh vxp ri d ulssoh urxjkqhvv nu dqg
d vkhhw �rz urxjkqhvv nv +Htv1 D6,1 Ilqdoo| wkh wrwdo iulfwlrq idfwru iz +vnlq iulfwlrq
dqg irup gudj, lv ghwhuplqhg e| vroylqj htv1 +D5, djdlq xvlqj wkh hvwlpdwhg ehgirup
urxjkqhvv nQ / dqg ih lv dvvxphg htxdo wr iz +h1j1 Qlhovhq/ 4<<5,1 Iru #@#f ? 4=5/ ih lv
olplwhg wr d pd{lpxp ydoxh ri 3163 +Mrqvvrq/ 4<;3,1
Wkh vsdwldo lqwhusrodwlrq ri wkh vrxufh whup rqwr ud| wudmhfwrulhv pd| fdxvh odujh huuruv

lq wkh wudqvlwlrq uhjlrq iurp wkh cuholfw urxjkqhvv* wr wkh cdfwlyh ulssoh* uhjlph zkhuh ih
lqfuhdvhv e| rqh rughu ri pdjqlwxgh +Iljxuh 6, Wropdq +4<<8, sursrvhg d vxejulg prgho
ri wkh vrxufh whup wkdw dffrxqwv iru vxejulg yduldwlrqv ri # uhvxowlqj iurp yduldwlrqv ryhu
hdfk julg fhoo ri k/ G/ #f/ wkh vljql�fdqw zdyh khljkw Kv dqg shdn zdyh shulrg Ws1 Iru
vlpsolflw| wkhvh �yh udqgrp yduldeohv zhuh dvvxphg wr eh Jdxvvldq dqg lqghshqghqw1 Eh0
fdxvh qr lqirupdwlrq rq wkh vsdwldo yduldelolw| ri vhglphqw fkdudfwhulvwlfv zdv dydlodeoh/ d
vlpsohu vxejulg prgho zdv lpsohphqwhg khuh1 Li xqlirup vhglphqw surshuwlhv duh dvvxphg
wkhq erwk G dqg #f duh xqlirup zlwklq hdfk julg fhoo/ ohdylqj rqo| wkuhh udqgrp yduldeohv
k/ Kv dqg Ws1 Lq prgho vlpxodwlrqv ri vzhoo hyroxwlrq rq wkh Qruwk Fdurolqd vkhoi/ xvlqj
revhuyhg lqflghqw zdyh frqglwlrqv/ prvw ri wkh vxejulg yduldelolw| ri wkh vrxufh whup uh0
vxowhg iurp wkh vxejulg yduldwlrqv ri zdwhu ghswkv k udwkhu wkdq wkh zdyh sdudphwhuv Kv

dqg Ws/ dqg Kv zdv fruuhodwhg zlwk k1 Wklv suhgrplqdqfh ri wkh ghswk yduldelolw| zdv
dovr qrwhg e| Wropdq +4<<8, dqg xvhg lq klv frpsxwdwlrqv1
Lq wkh suhvhqw vxejulg prgho vsdwldo yduldwlrqv lq wkh zdwhu ghswk k duh uhsuhvhqwhg e|
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8�}� 61 H{dpsoh uhodwlrqvklsv ehwzhhq glvvlsdwlrq idfwruv ih dqg Vklhogv qxpehuv #1 Wkh
vrolg olqh lv Wropdq*v +4<<7, sdudphwhul}dwlrq iru d uhsuhvhqwdwlyh judlq vl}hG @ 3=48 pp/
dqg zdyh shulrg W @ 47 v1 Wkh gdvkhg olqh vkrzv fruuhvsrqglqj ydoxhv ri ih xvlqj wkh
MRQVZDS sdudphwhul}dwlrq1

iruplqj d klvwrjudp ri ghswkv iru d julg fhoo wkdw frqvlvwv ri wkh wuldqjohv vxuurxqglqj wkh
julg srlqw {l/ xvlqj whq ghswk elqv wkdw vsdq wkh phdq 	 5 vwdqgdug ghyldwlrqv ri k1 D
fruuhvsrqglqj olqhdu wkhru| vkrdolqj fruuhfwlrq ri wkh zdyh vshfwuxp lv dgghg wr dffrxqw
iru fruuhodwlrqv ri Kv zlwk k1 D vxejulg0dyhudjhg ydoxh ri � lv rewdlqhg e| dyhudjlqj
hvwlpdwhv ri � +iru hdfk ghswk elq/ edvhg rq wkh fruuhvsrqglqj vkrdolqj0fruuhfwhg zdyh
vshfwuxp/ ht1 46e, zhljkwhg e| wkh ghswk klvwrjudp ydoxhv1
D vlpsohu hpslulfdo sdudphwhul}dwlrq ri erwwrp glvvlsdwlrq xvhg lq pdq| rshudwlrqdo

zdyh suhglfwlrq prghov dvvxphv wkdw ih lv lqyhuvho| sursruwlrqdo wr xe vr wkdw wkh idfwru
� @ ihxej

5
lv frqvwdqw dqg wkh vrxufh whup lv jlyhq e|=

V +{l> i> �> w, @ ��

�
5�i

j vlqk +nkl,

�5
IH +{l> i> �> w, +47,

Dq dyhudjh ydoxh � @ 3136; p5v�6 zdv lqihuuhg iurp wkh MRQVZDSQruwk Vhd h{shulphqw
+Kdvvhopdqq hw do1/ 4<:6,1 Wklv olqhdu cMRQVZDS* sdudphwhul}dwlrq +lqfoxghg lq wkh
frpsdulvrqv suhvhqwhg ehorz, |lhogv ydoxhv ri ih +ih @ 5�x�4e j�4, wkdw duh forvh wr wkh
prydeoh ehg ih/ h{fhsw lq wkh dfwlyh ulssoh uhjlph/ zkhuh wkh MRQVZDS sdudphwhul}dwlrq
suhglfwv ohvv hqhuj| glvvlsdwlrq +Iljxuh 6,1

71 PRGHO LPSOHPHQWDWLRQ DQG ILHOG GDWD

Wkh k|eulg Hxohuldq0Odjudqjldq prgho +vhfwlrq 5, zlwk d prydeoh ehg erwwrp glvvlsd0
wlrq vrxufh whup +vhfwlrq 6, zdv lpsohphqwhg iru wkh Qruwk Fdurolqd vkhoi uhjlrq ehwzhhq
68� Q dqg 6:� Q +Iljxuh 7,1 Gxulqj wkh GXFN<7 h{shulphqw d 433 np furvv vkhoi wudq0
vhfw ri qlqh erwwrp prxqwhg suhvvxuh vhqvruv zdv ghsor|hg h{whqglqj iurp 45 p ghswk
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FIG 4.

Fabrice Ardhuin
Fig. 4: Bottom topography and model grid. The grid points where the source term is evaluated are the nodes of the triangular mesh. A linear interpolation is applied in each triangle to approximate the source term along the rays (Figure 1). The entire model domain is subdivided into subdomains separated by thicker lines. Grid points denoted with dots labeled A to I are the locations of pressure sensors deployed during the DUCK94 field experiment.



+vlwh D, wr ;: p ghswk +vlwh L, +Iljxuh 7> Khuehuv hw do1 5333,1 Wkh lqvwuxphqw ghsor|hg
dw vlwh K lq 7< p ghswk zdv orfdwhg zlwklq 5 np ri 60p glvfxv exr| 77347 rshudwhg
e| wkh Qdwlrqdo Gdwd Exr| Fhqwhu +QGEF,1 Ehwzhhq vlwh D dqg wkh vkruh d suhvvxuh
vhqvru duud| zdv rshudwhg lq ; p ghswk e| wkh Dup| Frusv ri Hqjlqhhuv Ilhog Uhvhdufk
Idflolw|/ Gxfn/ Qruwk Fdurolqd1 Rwkhu lqvwuxphqwv rq wkh lqqhu vkhoi lqfoxghg fxuuhqw
phwhuv/ wkhuplvwruv dqg frqgxfwlylw| vhqvruv lq ghswkv udqjlqj iurp 7 p wr 59 p1 Gdwd
iurp wkhvh lqvwuxphqwv vkrz wkdw rxwvlgh wkh vxui }rqh wkh ghswk0dyhudjhg fxuuhqwv duh
prvwo| zlqg0gulyhq zlwk vshhgv xvxdoo| lq wkh udqjh 43 wr 53 fp v�4/ dqg rffdvlrqdo
vwurqjhu fxuuhqwv +A 83 fp v�4, lq vwrup frqglwlrqv +Ohqw} hw do1/ 4<<<,1 Wkhvh fxuuhqwv
duh jhqhudoo| pxfk zhdnhu wkdq erwk wkh zdyh vshhgv dqg wkh qhdu0ehg ruelwdo yhorflwlhv
ri hqhujhwlf vzhoo lq vkdoorz zdwhu1 Wkh h�hfwv ri fxuuhqwv rq wkh sursdjdwlrq ri vzhoo
dqg rq wkh zdyh erwwrp erxqgdu| od|hu duh qhjohfwhg khuh1
Edwk|phwu| gdwd zdv ghulyhg iurp wkh Qdwlrqdo Rfhdq Vhuylfh gljlwdo gdwdedvh dqg

dgglwlrqdo edwk|phwulf vxuyh|v frqgxfwhg gxulqj wkh GXFN<7 h{shulphqw +Khuehuv hw do1/
5333,1 Wkhvh gdwd vhwv zhuh phujhg dqg olqhduo| lqwhusrodwhg rqwr d uhjxodu 9% orqjlwxgh
e| 9% odwlwxgh julg/ xvlqj d vwdqgdug Ghodxqh| whvvhoodwlrq whfkqltxh +Iljxuh 7,1 Wklv
julg zdv wkhq olqhduo| wudqviruphg lqwr d Fduwhvldq { +zhvw0hdvw, dqg | +vrxwk0qruwk,
frruglqdwh julg +uhvroxwlrq 485 dqg 4;8 p uhvshfwlyho|, wkdw lv xvhg lq wkh Odjudqjldq
ud| lqwhjudwlrqv +htv1 6,1 Huuruv lqwurgxfhg e| qhjohfwlqj wkh fxuydwxuh ri wkh hduwk/ duh
vpdoo iru wkh vl}h +45; e| 544 np, ri rxu grpdlq +R*Uhloo| dqg Jx}d/ 4<<6,1
Wkh Hxohuldq prgho julg/ pxfk frduvhu wkdq wkh edwk|phwu| julg/ frqvlvwv ri 65< julg

srlqwv duudqjhg lq wuldqjohv wkdw ydu| lq vl}h iurp 8 np rq wkh lqqhu vkhoi wr 43 np rq
wkh rxwhu vkhoi +Iljxuh 7,1 Voljkwo| frduvhu julgv jdyh vlplodu uhvxowv/ vxjjhvwlqj wkdw wkh
uhvroxwlrq fkrvhq khuh lv dghtxdwh1 Wkh prgho grpdlq zdv pdgh dv vpdoo dv srvvleoh
zkloh fryhulqj wkh vkhoi uhjlrq wkurxjk zklfk prvw ri wkh zdyh hqhuj|/ phdvxuhg e| wkh
suhvvxuh vhqvruv/ kdv sursdjdwhg1 Wkh prgho erxqgdulhv zhuh fkrvhq wr eh wkh 44 p
lvredwk +h{fhsw durxqg wkh ; p duud|/ zkhuh d julg srlqw lv froorfdwhg zlwk wkh duud|,/
wkh 733 p lvredwk/ dqg wkh 68r45* Q dqg 6:r8;* Q sdudoohov1 Vzhoo hqhuj| hqwhuv wkh prgho
grpdlq rqo| wkurxjk wkh ghhs zdwhu erxqgdu| zkhuh wkh vshfwuxp IE +im > �o> w, lv dvvxphg
wr eh vsdwldoo| xqlirup1 Wkh prgho grpdlq lv vxeglylghg lqwr d pdlq vxegrpdlq/ durxqg
vlwhv D wr L dqg dgglwlrqdo vxegrpdlqv +Iljxuh 7,1 Wklv doorzv iru wkh uhsuhvhqwdwlrq ri
zdyhv frplqj iurp kljk lqflghqfh dqjohv/ dqg uhgxfhv wkh phpru| uhtxluhg wr vwruh doo
wkh lqwhusrodwlrq frh�flhqwv/ lqfoxglqj wkrvh iru wudsshg ud|v/ wr rqh jljde|wh1 Wudsshg
ud|v duh qrw qhfhvvdu| iru wkh suhvhqw dssolfdwlrq/ vlqfh hqhuj| hqwhuv wkh prgho grpdlq
rqo| wkurxjk wkh ghhs zdwhu erxqgdu|/ exw zhuh lpsohphqwhg iru ixwxuh dssolfdwlrqv
zlwk rwkhu vrxufh whupv dqg uh�hfwlyh erxqgdulhv1 Wkh xvh ri vxegrpdlqv/ ghvfulehg lq
vhfwlrq 5/ lqwurgxfhv vrph qxphulfdo gl�xvlrq iru zdyhv sursdjdwlqj dfurvv wkh lqwhuqdo
erxqgdulhv/ exw wkhvh zdyhv/ zlwk kljk lqflghqfh dqjohv/ fduu| d yhu| vpdoo iudfwlrq ri wkh
wrwdo hqhuj| lq wkh suhvhqw dssolfdwlrq1
Iru hdfk julg srlqw {l/ ud|v duh lqlwldoo| wudfhg iru 495 iuhtxhqflhv/ dw duulydo gluhfwlrq

lqwhuydov ri 3158�1 Iru hdfk iuhtxhqf| wkh duulydo gluhfwlrqv duh vxevhtxhqwo| elvhfwhg
+R*Uhloo| dqg Jx}d/ 4<<6, xqwlo qhljkerulqj ud|v kdyh gluhfwlrqv dqg srvlwlrqv dw wkh
erxqgdu| zlwklq 5� dqg 8 np ri rqh dqrwkhu/ uhvshfwlyho|1 Li wkh qxpehu ri ud|v iru d 6�

vhfwru h{fhhgv 833 wkh elvhfwlrq lv vwrsshg1 Wkh ud|v duh jurxshg lq 4< � 453 exqgohv/
wkdw uhsuhvhqw �qlwh edqgzlgwkv ri wkh vshfwuxp IH +{l> im > �o> w, zlwk 4< iuhtxhqflhv im
vsdfhg h{srqhqwldoo| zlwk d 8( lqfuhphqw iurp 3138 K} wr 3145 K}/ dqg 453 gluhfwlrqv �o
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vsdfhg olqhduo| ryhu d ixoo flufoh zlwk d 6 ghjuhh uhvroxwlrq1 Wkh qxpehu ri ud|v shu exqgoh
ydulhv iurp Qi � 46 +lqlwldo qxpehu ri ud|v ehiruh elvhfwlqj, wr Qi � 833 +dq xsshu olplw
vhw iru eurdgo| vfdwwhuhg exqgohv,/ zkhuh Qi lv wkh qxpehu ri iuhtxhqflhv shu iuhtxhqf|
edqg1 Qi ghfuhdvhv iurp < iru 3=38 K} wr 6 iru 3=45 K}1
Zdyh iuhtxhqf| vshfwud I +im > w,/ lqwhjudwhg ryhu gluhfwlrqv/ duh hvwlpdwhg iurp wkh

phdvxuhg erwwrp suhvvxuh uhfrugv dw vlwhv D0L/ xvlqj d olqhdu wkhru| ghswk fruuhfwlrq1
Wkh r�vkruh iuhtxhqf|0gluhfwlrq vshfwuxp IE +im > �o> w, lv hvwlpdwhg e| frpelqlqj wkh
iuhtxhqf| vshfwuxp rewdlqhg iurp wkh suhvvxuh vhqvru dw vlwh K/ zlwk gluhfwlrqdo glvwule0
xwlrqv hvwlpdwhg iurp wkh qhdue| QGEF exr| furvv0vshfwud xvlqj wkh Pd{lpxp Hqwurs|
Phwkrg +O|juh dqg Nurjvwdg/ 4<;9,1 Wklv vshfwuxp lv edfn0uhiudfwhg iurp vlwh K wr ghhs
zdwhu/ dvvxplqj sdudooho erwwrp frqwrxuv/ dqg qhjohfwlqj wkh wlph odj ehwzhhq vlwh K dqg
wkh r�vkruh prgho erxqgdu|1 Dowkrxjk wkh r�vkruh frqglwlrqv jhqhudoo| ydulhg vorzo| rq
wlph vfdohv ri vhyhudo krxuv/ wklv vshfwuxp lv ghwhuplqhg dw 43 plqxwh lqwhuydov/ lq rughu
wr pdwfk wkh prgho wlph vwhs �w1 Iuhtxhqf|0gluhfwlrqdo zdyh vshfwud rq wkh lqqhu vkhoi
zhuh hvwlpdwhg iurp wkh ; p ghswk duud| qhdu vlwh D +Khuehuv hw do1/ 4<<<,1
Edvhg rq fruh vdpsohv froohfwhg lq 4<<: rq wkh lqqhu vkhoi +Uhehffd Ehdyhuv/ Gxnh

Xqlyhuvlw|/ shuvrqdo frppxqlfdwlrq/ 4<<<,/ dqg hduolhu jhrorjlfdo gdwd fryhulqj wkh hqwluh
vkhoi +Ploolpdq hw do1/ 4<:5> Vzliw dqg Vhduv/ 4<:7, zh fuxgho| dssur{lpdwh wkh erwwrp
vhglphqwv lq wkh hqwluh duhd hqfrpsdvvhg e| wkh prgho zlwk d wklfn xqlirup od|hu ri �qh
txduw} vdqg +v @ 5=98,/ zlwk d uhsuhvhqwdwlyh judlq vl}h G @ 3=48 pp dqg d fulwlfdo
Vklhogv qxpehu #f @ 3=381
Wkh dffxudf| ri wkh vrxufh whup lqwhusrodwlrq dqg wkh uhsuhvhqwdwlrq ri uhiudfwlrq lq

wkh prgho lv ghprqvwudwhg zlwk prgho whvwv ghvfulehg lq Dsshqgl{ E1

81 KLQGFDVWV

Klqgfdvwv duh suhvhqwhg iru wzr wlph shulrgv lq 4<<7/ Rfwrehu 4: wkurxjk 54 dqg Qr0
yhpehu 49 wkurxjk 4</ wkdw duh uhsuhvhqwdwlyh ri idoo zhdwkhu sdwwhuqv fdxvlqj odujh zdyhv
rq wkh Qruwk Fdurolqd frdvw1 Zlqg vhd dqg vzhoo zhuh revhuyhg lq Rfwrehu/ jhqhudwhg
e| d vwrup wkdw pryhg dfurvv wkh hdvwhuq Xqlwhg Vwdwhv lqwr wkh Qruwk Dwodqwlf/ zkhuhdv
lq Qryhpehu odujh vzhoov duulyhg iurp Kxuulfdqh Jrugrq zklfk uhpdlqhg lq wkh zhvwhuq
Dwodqwlf/ vrxwk ri Fdsh Kdwwhudv1 Lq erwk fdvhv/ wkh prgho zdv uxq erwk zlwk dqg zlwk0
rxw wkh erwwrp glvvlsdwlrq vrxufh whup1 Uxqv zlwkrxw wkh vrxufh whup lvrodwh wkh h�hfwv
ri uhiudfwlrq dqg vkrdolqj lq wkh hyroxwlrq ri zdyh vshfwud/ dqg wkh gl�huhqfh ehwzhhq
uxqv zlwk dqg zlwkrxw wkh vrxufh whup fdq eh xvhg wr dvvhvv hqhuj| glvvlsdwlrq fdxvhg
e| erwwrp iulfwlrq1

d1 Rfwrehu vwrup

Rq Rfwrehu 47 dqg 48 orfdo zlqgv iurp wkh qruwk0hdvw zhuh vwurqj hqrxjk wr frqwulexwh
vljql�fdqwo| wr wkh hqhuj| edodqfh rq wkh vkhoi dw wkh grplqdqw +;043 v, zdyh shulrgv +Ilj0
xuh 8, 1 Vwurqj zlqg iruflqj lv hylghqw dw wkh QGEF exr| zkhuh wkh phdq zdyh gluhfwlrq
� +gh�qhg khuh dv wkh gluhfwlrq ri wkh �uvw0rughu prphqw yhfwru

U U
n@n I +n,gn{gn|,

iroorzv wkh orfdo zlqg gluhfwlrq1 Dv zdyh jhqhudwlrq lv qrw uhsuhvhqwhg lq wkh suhvhqw
prgho/ suhglfwlrqv duh qrw h{shfwhg wr eh dffxudwh gxulqj wkh vslq0xs ri wklv vwrup1
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a.

b.

8�}� 71 Wkuhh0krxu dyhudjhv ri revhuyhg zlqg dqg zdyh frqglwlrqv gxulqj wkh Rfwrehu
vwrup1 +d, Zlqg vshhg +vrolg olqh,/ zlqg gluhfwlrq +�,/ dqg phdq zdyh gluhfwlrq +�,
phdvxuhg e| QGEF exr| 77347 +qhdu vlwh K,1 +e, Vljql�fdqw zdyh khljkw dqg shdn shulrg
hvwlpdwhg iurp suhvvxuh vhqvru K +shdn shulrgv zhuh uhsodfhg e| wkh QGEF exr| ydoxhv
zkhq vpdoohu wkdq ; v,1 Yhuwlfdo gdvk0grwwhg olqhv odehohg cL* +4: Rfwrehu dw 56=63 HVW,
dqg cLL* +4< Rfwrehu dw 3;=63 HVW, lqglfdwh wlphv iru zklfk pruh ghwdlohg dqdo|vhv duh
suhvhqwhg lq Iljxuhv :/ ;1
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Rq Rfwrehu 48 wkh vljql�fdqw zdyh khljkw revhuyhg dw vlwh K uhdfkhg d pd{lpxp ydoxh
Kv @ 8=6 p +716 p lq wkh uhvwulfwhg prgho iuhtxhqf| udqjh,/ zlwk d shdn shulrg Ws @ 44
v +Iljxuh 8e,1 Diwhu Rfwrehu 49 orfdo zlqgv vxevlghg dqg Ws vkliwhg wr 48 v/ lqglfdwlqj
d wudqvlwlrq iurp zlqg vhd wr vzhoo1 Ehwzhhq Rfwrehu 48 dqg 4;/ Kv ghfuhdvhg wr 516 p
+wlph L, iroorzhg e| dq lqfuhdvh wr 51; p rq Rfwrehu 4< +wlph LL,/ zlwk d qduurz/ vzhoo
grplqdwhg vshfwuxp +qrw vkrzq,1 Diwhu Rfwrehu 4< Kv dqg Ws judgxdoo| ghfuhdvhg wr
319 p dqg 43 v uhvshfwlyho|1
Prgho suhglfwlrqv duh suhvhqwhg rqo| iru wkh vzhoo0grplqdwhg shulrg Rfwrehu 4: wr 541

Suhglfwlrqv ri Kv zlwk erwwrp glvvlsdwlrq duh jhqhudoo| lq jrrg djuhhphqw zlwk revhuyhg
Kv rq wkh rxwhu +h1j1 Iljxuh 9d, dqg lqqhu vkhoi +h1j1 Iljxuh 9e,1 Wkh prgho suhglfwv
wkh h{shfwhg wxuqlqj ri � wrzdugv wkh vkruh0qrupdo gluhfwlrq/ rzlqj wr uhiudfwlrq e| wkh
odujh vfdoh vkhoi vorsh +Iljxuh :, 1 Wkh revhuyhg vkliw lq �/ xs wr 58 ghjuhhv ehwzhhq wkh
r�vkruh exr| dqg wkh qhduvkruh +; p ghswk, duud|/ lv uhsurgxfhg e| wkh prgho +Iljxuh
9f,1 Revhuyhg dqg suhglfwhg � lq ; p ghswk gl�hu e| ohvv wkdq 8 ghjuhhv1
Prgho suhglfwlrqv zlwkrxw erwwrp glvvlsdwlrq vkrz d vpdoo ghfuhdvh lq zdyh khljkw

dfurvv wkh vkhoi wkdw lv fdxvhg e| uhiudfwlrq dqg vkrdolqj h�hfwv +Iljxuh 9d/e,1 Wkh prgho
zlwk prydeoh ehg iulfwlrq suhglfwv d vwurqj dwwhqxdwlrq ri Kv dfurvv wkh vkhoi +Iljxuhv
9e/ :, wkdw lv frpsdudeoh wr wkh revhuyhg dwwhqxdwlrq1 Wkh revhuyhg dqg suhglfwhg ghfd|
dfurvv wkh rxwhu vkhoi lv qhjoljleoh h{fhsw iru d voljkw +43(, ghfuhdvh ri Kv rq Rfwrehu 4<
zkhq vzhoo hqhuj| zdv pd{lpxp +wlph LL lq Iljxuh 9d,1 Vwurqj ghfd| riKv lv revhuyhg dqg
suhglfwhg dfurvv wkh lqqhu vkhoi/ xs wr d idfwru 5 +htxlydohqw wr d :8( hqhuj| uhgxfwlrq,
+Iljxuh 9e,1 Wkh revhuyhg dqg suhglfwhg ghfuhdvh ri Kv dfurvv wkh vkhoi lv jhqhudoo|
vpdoohu zkhq Kv lv vpdoohu +h1j1 frpsduh wlphv L dqg LL lq Iljxuhv 9d/ 9e,1 Rq Rfwrehu
54 zkhq Kv zdv ohvv wkdq 318 p/ wkh revhuyhg dqg suhglfwhg Kv +zlwk dqg zlwkrxw erwwrp
glvvlsdwlrq, duh qhduo| xqlirup dfurvv wkh vkhoi1
Ghwdlov ri wkh uhsuhvhqwdwlrq ri erwwrp iulfwlrq lq wkh prgho duh looxvwudwhg lq Iljxuh ;1

Wkh suhglfwhg yduldwlrq ri wkh glvvlsdwlrq idfwru ih rq wkh vfdoh ri wkh julg uhvroxwlrq frq0
�upv wkh lpsruwdqfh ri vxejulg prghoolqj ri wkh prydeoh ehg +Wropdq/ 4<<8,1 Suhglfwhg
erxqgdu| od|hu uhjlphv +uholfw urxjkqhvv ru dfwlyh ulssohv, duh vhqvlwlyh wr wkh r�vkruh
zdyh frqglwlrqv1 Rq Rfwrehu 4: +wlph L lq Iljxuhv 8/ 9,/ wkh prgho suhglfwv uholfw urxjk0
qhvv ryhu prvw ri wkh vkhoi zlwk glvvlsdwlrq idfwruv ih forvh wr wkh uholfw uhjlph plqlpxp
+ih @ 3=37, dqg d vkdus wudqvlwlrq wr dfwlyh ulssohv +3=3; ? ih ? 3=4;, lq ghswkv vkdoorzhu
wkdq 58 p +Iljxuh ;d,1 Wkh erxqgdu| ehwzhhq dfwlyh dqg uholfw ulssohv jhqhudoo| iroorzv
wkh ghswk frqwrxuv1 Wkh fruuhvsrqglqj orfdo ghfd| udwh m�m b ihxe vlqk

�5 +nk, +htv1 46e/
D4d, lv hqkdqfhg qrw rqo| e| wkh odujh lqfuhdvh lq ih/ exw dovr e| wkh lqfuhdvh ri wkh
erwwrp ruelwdo yhorflw| xe lq vkdoorz zdwhu1 Vhdzdug ri vlwh G/ suhglfwhg Kv zlwk dqg
zlwkrxw erwwrp glvvlsdwlrq duh qhduo| htxdo wr wkh revhuyhg Kv/ zkhuhdv ixuwkhu lqvkruh/
suhglfwhg Kv zlwk dqg zlwkrxw erwwrp glvvlsdwlrq glyhujh vkduso| dqg suhglfwlrqv ri Kv

zlwk erwwrp glvvlsdwlrq uhsurgxfh wkh revhuyhg ghfd| ri Kv dfurvv wkh lqqhu vkhoi +Iljxuh
;e,1 Wkh vwurqjo| hqkdqfhg glvvlsdwlrq suhglfwhg e| wkh prydeoh ehg prgho rq wkh lqqhu
vkhoi lv frqvlvwhqw zlwk wkh revhuyhg yduldwlrqv lq zdyh khljkwv1 Krzhyhu/ wkh MRQVZDS
sdudphwhul}dwlrq dovr jlyhv uhdvrqdeoh suhglfwlrqv ri Kv lq wklv fdvh1
Rq Rfwrehu 4< zkhq wkh vzhoo hqhuj| zdv pd{lpxp +wlph LL lq Iljxuhv 8/ 9,/ wkh pry0

deoh ehg prgho suhglfwv dfwlyh ulssohv rq wkh hqwluh vkhoi +Iljxuh ;f,1 Wkh fruuhvsrqglqj
ydoxhv ri ih duh pd{lpxp forvh wr wkh vkhoi euhdn +3=4 ? ih ? 3=45,/ dqg ghfuhdvh lq0
vkruh +ih @ 3=37 dw vlwh E,1 D vwurqj ghfd| ri zdyh hqhuj| lqvkruh ri vlwh J lv hylghqw lq

4:
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a.

8�}� 81 Wkuhh0krxu dyhudjhv ri revhuyhg +vrolg olqh, dqg suhglfwhg +.= zlwk prydeoh0ehg
vrxufh whup/ �= zlwkrxw, vljql�fdqw zdyh khljkwv dw vlwhv I +d, dqg E +e, diwhu wkh Rfwrehu
vwrup1 Wkh grwwhg olqhv uhsuhvhqw prgho uhvxowv dw wkh vdph vlwhv edvhg rq wkh MRQVZDS
olqhdu gdpslqj irupxodwlrq1 Wkh r�vkruhKv lv lqglfdwhg zlwk d gdvkhg olqh1 +f, Wkh phdq
zdyh gluhfwlrq � phdvxuhg dw wkh ; p ghswk duud| +vrolg olqh, lv frpsduhg wr wkh prgho
suhglfwlrq zlwk wkh prydeoh ehg vrxufh whup +.,1 Wkh r�vkruh � lv lqglfdwhg zlwk d
gdvkhg olqh1 Yhuwlfdo gdvk0grwwhg olqhv odehohg cL* dqg cLL* lqglfdwh wlphv iru zklfk pruh
ghwdlohg dqdo|vhv duh suhvhqwhg lq Iljxuhv :/ ;1

4;
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08:30 EST

8�}� 91 Prgho suhglfwlrqv +zlwk prydeoh ehg vrxufh whup, ri vljql�fdqw zdyh khljkw
+froruv, dqg phdq zdyh gluhfwlrq +duurzv, dw wlph LL +Iljxuhv 8/ 9,1 Grwwhg olqhv lqglfdwh
wkh 63 p dqg 83 p lvredwkv1

4<
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8�}� :1 +d, Ulssoh uhjlph edvhg rq orfdo phdq zdwhu ghswk +kdwfkhg iru dfwlyh ulssohv/
eodqn iru uholfw urxjkqhvv,/ dqg glvvlsdwlrq idfwru ih +frqwrxu lqwhuydo lv 3135, dw wlph cL*
+Iljxuhv 8/ 9,1 +e, Revhuyhg +vrolg olqh, dqg suhglfwhg +�= zlwkrxw erwwrp glvvlsdwlrq/
.= zlwk prydeoh0ehg vrxufh whup/ grwwhg= zlwk MRQVZDS vrxufh whup, Kv dw wlph L/ dv
d ixqfwlrq ri furvv0vkhoi glvwdqfh1 +f, Vdph dv +d, iru wlph LL +Iljxuhv 8/ 9,1 +g, Vdph dv
+e, iru wlph LL1
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wkh gl�huhqfh ehwzhhq prgho suhglfwlrqv ri Kv zlwk dqg zlwkrxw erwwrp glvvlsdwlrq dqg
wkhvh hqhuj| orvvhv +rq dyhudjh 3168 Z p�5 ryhu wkh hqwluh vkhoi, duh frqvlvwhqw zlwk wkh
revhuydwlrqv +Iljxuh ;g,1 Lqvkruh ri vlwh G wkh prgho zlwk wkh vrxufh whup xqghusuhglfwv
Kv +ryhusuhglfwv ghfd|, e| derxw 58 wr 83 fp1 Wkh MRQVZDS sdudphwhul}dwlrq rq wkh
rwkhu kdqg ryhusuhglfwv Kv e| 73 wr 93 fp/ dv pljkw eh h{shfwhg iurp �jxuh 61

e1 Kxuulfdqh Jrugrq

Dowkrxjk wkh h|h ri Kxuulfdqh Jrugrq uhpdlqhg vrxwk ri Fdsh Kdwwhudv/ orfdo zlqgv
zhuh vwurqj +43048 p v�4, rq Qryhpehu 4: wkurxjk wkh pruqlqj ri Qryhpehu 4; +Iljxuh
<d, 1 Gxulqj wkh shdn ri wklv hyhqw +wlph LLL, zkhq Kv * 43 p dqg Ws * 48 v +Iljxuh <d,/
wkh orfdo zlqg vshhg zdv derxw 46 p2v dqg wkh phdq zdyh dqg zlqg gluhfwlrq gl�huhg
e| derxw 63 ghjuhhv1 Hvwlpdwhg ydoxhv ri wkh zlqg hqhuj| lqsxw lq wkh prgho iuhtxhqf|
edqg +Wkh ZDPGL Jurxs/ 4<;;/ ht1 +51<,, duh ehorz 5 Z p�5 rq prvw ri wkh vkhoi/
zkloh wkh suhglfwhg erwwrp glvvlsdwlrq udwh lv jhqhudoo| ehwzhhq 5 dqg 43 Z p�5 +erwk
whupv duh pd{lpxp qhdu wkh frdvw,1 Khqfh/ dowkrxjk erwwrp glvvlsdwlrq dsshduv wr eh
wkh grplqdqw vrxufh whup/ qhjohfwlqj wkh zlqg lqsxw lq wklv fdvh pd| fdxvh vljql�fdqw
huuruv1
Dw wlph LLL wkh prgho suhglfwv d judgxdo wxuqlqj ri wkh phdq zdyh gluhfwlrq iurp

448� lq ghhs zdwhu wr ;;� lq ; p ghswk +Iljxuh 43, / lq jrrg djuhhphqw zlwk wkh phdq
gluhfwlrq +;;�, revhuyhg dw wkh ; p duud| +qrw vkrzq,1 Prgho suhglfwlrqv zlwkrxw erwwrp
glvvlsdwlrq |lhog d ghfuhdvh lq Kv iurp ;18 p dw vlwh L qhdu wkh vkhoi euhdn wr :17 p dw
vlwh E rq wkh lqqhu vkhoi1 Wklv dwwhqxdwlrq/ dvvrfldwhg zlwk wkh wlph hyroxwlrq ri wkh
vwrup dqg frqvhuydwlyh vkrdolqj dqg uhiudfwlrq surfhvvhv/ dffrxqwv iru rqo| sduw ri wkh
revhuyhg ghfuhdvh ri Kv wr 81; p dw vlwh E1 Lqfoxglqj prydeoh ehg glvvlsdwlrq eulqjv wkh
prgho lq ehwwhu djuhhphqw zlwk wkh revhuydwlrqv +Iljxuh 44e, 1Wkh suhglfwhg ydoxhv ri
wkh glvvlsdwlrq idfwru ih duh derxw 43 wlphv vpdoohu wkdq wkh ydoxhv iru wkh Rfwrehu hyhqw/
rzlqj wr odujhu Vklhogv qxpehuv1 Rq prvw ri wkh vkhoi/ ih suhglfwlrqv ydu| ehwzhhq 3134
dqg 3135 +Iljxuh 44d,/ fruuhvsrqglqj wr vkhhw �rz1 Dfwlyh ulssohv duh suhglfwhg forvh wr
wkh vkhoi euhdn lq ghswkv juhdwhu wkdq 73 p1 Wkh uhsuhvhqwdwlyh erwwrp yhorflw| xe +d
olqhdu ixqfwlrq ri Kv iru d jlyhq vshfwudo vkdsh, lv 6 wlphv odujhu wkdq lq wkh Rfwrehu
hyhqw1 Lq dq devroxwh vhqvh/ wkh glvvlsdwlrq udwh mVm +sursruwlrqdo wr ihx

6
e > htv1 +46,, lv

d idfwru 6 odujhu wkdq lq wkh Rfwrehu hyhqw/ exw wkh uhodwlyh ghfd| udwh m�m +sursruwlrqdo
wr ihxe> ht1 +46e,, lv d idfwru 6 vpdoohu1 Dv d uhvxow/ wkh suhglfwhg uhodwlyh ghfd| ri Kv

dfurvv wkh vkhoi/ gxh wr erwwrp glvvlsdwlrq/ lv zhdnhu iru wkh Kxuulfdqh Jrugrq fdvh wkdq
wkh Rfwrehu vzhoo hyhqw +d 47( ghfuhdvh frpsduhg wr 69( lq Rfwrehu/ fi1 �jxuhv ;g dqg
44e,1 Wkh MRQVZDS sdudphwhul}dwlrq |lhogv Kv suhglfwlrqv iru Kxuulfdqh Jrugrq/ wkdw
duh forvh wr erwk revhuyhg Kv dqg prydeoh ehg suhglfwlrqv +Iljxuh 44e,1

91 GLVFXVVLRQ

d1 Prydeoh ehg prgho

Wkh frpsdulvrqv ehwzhhq revhuydwlrqv dqg prgho suhglfwlrqv vxjjhvw wkdw wkh revhuyhg
ghfd| ri vzhoo hqhuj| dfurvv wkh vkhoi lv sulpdulo| wkh uhvxow ri uhiudfwlrq dqg hqhuj| glvvl0
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b.

8�}� ;1 Zlqg dqg zdyh frqglwlrqv gxulqj Kxuulfdqh Jrugrq +vdph irupdw dv Iljxuh 8,1
Wkh yhuwlfdo gdvk0grwwhg olqh odehohg cLLL* +4; Qryhpehu dw 3;=63 HVW, lqglfdwhv wkh wlph
zkhq Kvzdv pd{lpxp r�vkruh1
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8�}� <1 Prgho suhglfwlrqv +zlwk pryhdeoh ehg vrxufh whup, ri vljql�fdqw zdyh khljkw
+froruv, dqg phdq zdyh gluhfwlrq +duurzv, dw wkh shdn ri Kxuulfdqh Jrugrq +wlph cLLL* lq
Iljxuh <,1 Grwwhg olqhv lqglfdwh wkh 63 p dqg 83 p lvredwkv1
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8�}� 431 Ulssoh uhjlphv/ glvvlsdwlrq idfwruv dqg zdyh khljkw frpsdulvrq dw wkh shdn ri
Kxuulfdqh Jrugrq +wlph cLLL* lq Iljxuh <,1 Vdph irupdw dv �jxuh ;/ zlwk wkh dgglwlrq ri
wkh ih @ 3=34 frqwrxu/ dqg krul}rqwdo kdwfkhv iru vkhhw �rz frqglwlrqv ghwhuplqhg iurp
wkh wkuhvkrog fulwhulrq #vi @ 3=4:5G�3=6:9 zkhuh G lv lq fp +Ol dqg Dprv/ 4<<<,1
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sdwlrq lq wkh erxqgdu| od|hu ryhu d prydeoh vdqg| ehg1 Suhglfwhg zdyh iuhtxhqf| vshfwud
+qrw vkrzq, duh dovr lq jrrg djuhhphqw zlwk revhuyhg vshfwud/ h{fhsw dw yhu| orz iuhtxhq0
flhv +i ? 3=39 K}, zkhuh hqhuj| ohyhov duh uhodwlyho| orz1 Wkh klqgfdvw uhvxowv vxjjhvw
odujh vsdwldo dqg whpsrudo yduldwlrqv ri wkh glvvlsdwlrq idfwru ih dv wkh vhdehg wudqvlwlrqv
wkurxjk gl�huhqw urxjkqhvv uhjlphv +Iljxuh 6,1 Whvwv zlwk gl�huhqw vdqg judlq vl}hv lq
wkh udqjh ri suredeoh ydoxhv iru wkh uhjlrq +3148 wr 315 pp, lqglfdwhg olwwoh vhqvlwlylw|
ri wkh uhvxowv1 Dowkrxjk pruh dffxudwh r�vkruh zdyh gdwd dqg ghwdlohg vhglphqw glvwul0
exwlrqv duh qhhghg iru frpsuhkhqvlyh whvwv ri wkh ehg urxjkqhvv sdudphwhul}dwlrq/ wkh
suhvhqw uhvxowv vkrz d prgho whqghqf| wr ryhusuhglfw vzhoo gdpslqj/ lq sduwlfxodu lq wkh
dfwlyh ulssoh uhjlph +Iljxuhv 9 dqg ;1g,1 Wkh sdudphwhul}dwlrq ri wkh ulssoh urxjkqhvv nu
zdv wxqhg wr uhsurgxfh oderudwru| h{shulphqwv zlwk luuhjxodu exw xqlgluhfwlrqdo zdyhv
+Pdgvhq hw do1/ 4<<3,1 Ilhog frqglwlrqv/ zlwk gluhfwlrqdoo| vsuhdg zdyhv/ duh olnho| wr
jhqhudwh pruh luuhjxodu dqg ohvv vwhhs ulssohv/ zlwk vpdoohu urxjkqhvv nu/ wkdq oderudwru|
h{shulphqwv +h1j1 Qlhovhq/ 4<;4,1 Wkhuhiruh wkh hvwlpdwhv ri nu pd| eh eldvhg kljk1 D
uhgxfwlrq ri nu e| 63( vljql�fdqwo| lpsuryhg wkh prgho dffxudf| +qrw vkrzq,1
Wkh MRQVZDS sdudphwhul}dwlrq jlyhv d uhodwlyh ghfd| lq zdyh khljkw K@Kriivkruh

wkdw lv frqvwdqw iru d jlyhq grplqdqw iuhtxhqf|1 Wkh revhuydwlrqv suhvhqwhg khuh/ doo iru
vzhoo zlwk d shdn shulrg Ws * 48 v/ lqvwhdg vkrz d yduldeoh uhodwlyh ghfd|/ lq uhvsrqvh
wr fkdqjhv lq wkh zdyh khljkw +h1j1 Iljxuh 91e,1 Htxlydohqw ydoxhv ri �/ wkh MRQVZDS
frh�flhqw/ zhuh lqihuuhg iurp wkh prydeoh0ehg prgho klqgfdvwv1 Dw vlwh I rq wkh rxwhu
vkhoi/ zh �qg 31358 p5v�6/ 3144 p5v�6/ dqg 31383 p5v�6 dw wlphv L/ LL dqg LLL uhvshfwlyho|1
Iru wkh vdph wlphv dw vlwh E rq wkh lqqhu vkhoi/ � ydoxhv duh 3144 p5v�6/ 313<8 p5v�6/
dqg 3138: p5v�6 uhvshfwlyho|1 Wkhvh ydoxhv jhqhudoo| idoo ehwzhhq wkh MRQVZDS dyhudjh
ydoxh � @ 3=36; p5v�6 / dqg wkh rqh rewdlqhg iurp revhuydwlrqv lq wkh Juhdw Dxvwudoldq
Eljkw +\rxqj dqg Jrupdq/ 4<<8,/ � @ 3=485 p5v�61 Dowkrxjk wkh MRQVZDS irupxod0
wlrq zlwk wkh zlgho| xvhg ydoxh � @ 3=36; p5v�6 jlyhv uhdvrqdeoh zdyh khljkw suhglfwlrqv
lq prvw frqglwlrqv +Iljxuhv 9/ ; dqg 44,/ lw fdqqrw uhsurgxfh wkh revhuyhg yduldwlrqv lq
vzhoo ghfd|/ dqg vljql�fdqwo| ryhuhvwlpdwhv zdyh khljkwv lq dfwlyh ulssoh frqglwlrqv/ dv zdv
dovr qrwlfhg e| Zhehu +4<<4d,1 Lq frqwudvw wkh frqvwdqw urxjkqhvv +nQ @ 7 fp, sursrvhg
e| Zhehu +4<<4, |lhogv ydoxhv ri Kv wkdw duh vwloo wrr kljk +e| 63 fp, lq wkh Rfwrehu
4< fdvh/ exw wrr orz +e| 518 p, lq wkh Qryhpehu 4; fdvh +qrw vkrzq,1 Wkh prydeoh ehg
prgho/ dgrswhg iurp Wropdq +4<<7, zlwkrxw dq| dgmxvwphqwv/ fdswxuhv wklv yduldelolw|/
dqg �qh wxqlqj ri doo wkh hpslulfdo sdudphwhuv/ vkrxog ixuwkhu lpsuryh vzhoo suhglfwlrqv1
Krzhyhu/ wkh prydeoh ehg sdudphwhul}dwlrq uhtxluhv vlwh0vshfl�f vhglphqw gdwd wkdw duh
qrw dozd|v dydlodeoh1 Zlwkrxw vxfk gdwd/ rshudwlrqdo zdyh prghov pd| eh ehwwhu r� zlwk
pruh urexvw glvvlsdwlrq prghov +h1j1 Zhehu/ 4<<4d> Wropdq/ 4<<7> Oxr dqg Prqedolx/
4<<7> \rxqj dqg Jrupdq/ 4<<8,1

e1 prgho h�flhqf|

Wkh qhz k|eulg Hxohuldq0Odjudqjldq prgho FUHVW/ suhvhqwhg khuh/ zdv xvhg wr lq0
yhvwljdwh wkh h�hfwv ri d prydeoh vdqg| vhd ehg rq wkh wudqvirupdwlrq ri vzhoo dfurvv d
frqwlqhqwdo vkhoi1 Rwkhu sk|vlfdo surfhvvhv vxfk dv zdyh jhqhudwlrq/ uhvrqdqw qrq olqhdu
lqwhudfwlrqv ehwzhhq zdyhv +Kdvvhopdqq/ 4<95, dqg uhvrqdqw Eudjj vfdwwhulqj ri zdyhv
e| erwwrp ihdwxuhv +Orqj/ 4<:6, fdq eh lqfrusrudwhg dv dgglwlrqdo vrxufh whupv lq wkh
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hqhuj| edodqfh htxdwlrq1 Khqfh wkh suhvhqw prgho surylghv dq dowhuqdwlyh wr wkh Hxohuldq
�qlwh gl�huhqfh vfkhph prghov frpprqo| xvhg iru zdyh suhglfwlrq1 Zlwk Q�w d w|slfdo
qxpehu ri wlph vwhsv iru d ud| exqgoh/ dqg Qv d w|slfdo qxpehu ri lqwhusrodwlrq frh�0
flhqwv Dq

lo dqg Eq
lo iru d jlyhq wlph vwhs/ wkh FUHVW zdyh prgho uhtxluhv phpru| vsdfh

iru vwrulqj wkh lqwhusrodwlrq frh�flhqwv wkdw lv d idfwru Q�w �Qv +ri wkh rughu ri 533 lq
wkh fdofxodwlrqv suhvhqwhg khuh, odujhu wkdq wkh vsdfh xvhg iru vwrulqj wkh vshfwuxp1 Wkxv
FUHVW uhtxluhv pxfk pruh phpru| shu julg srlqw wkdq dq Hxohuldq prgho/ wkdw rqo|
qhhgv wr vwruh wkh vshfwuxp1 Wkh k|eulg dssurdfk lv dwwudfwlyh iru dssolfdwlrqv zkhuh
wkh vsdwldo vfdohv OV ri yduldwlrqv lq wkh vrxufh whupv duh pxfk odujhu wkdq vsdwldo vfdohv
OU ri uhiudfwlrq h�hfwv1 Dq Hxohuldq prgho ghvfulelqj uhiudfwlrq zlwk d �qlwh gl�huhqfh
vfkhph lq vsdfh uhtxluhv d julg uhvroylqj erwk OU dqg OV zkhuhdv wkh Hxohuldq julg lq
wkh suhvhqw prgho qhhgv wr uhvroyh rqo| OV ehfdxvh OU lv uhvroyhg e| wkh suhfrpsxwhg
ud|v1 Li OV lv pxfk juhdwhu wkdq OU wklv surshuw| uhgxfhv gudvwlfdoo| wkh qxpehu Qjs ri
julg srlqwv uhtxluhg iru dq dffxudwh lqwhjudwlrq ri wkh hqhuj| edodqfh htxdwlrq1 Uhgxflqj
Qjs kdv wkh dgghg ehqh�w wkdw lq frduvhu julgv ihzhu julg srlqwv duh xvhg wr lqwhusrodwh
ri wkh vrxufh whup iru d jlyhq ud| exqgoh/ wkxv ri uhgxflqj wkh qxpehu Qv ri lqwhusrodwlrq
frh�flhqwv shu wlph vwhs1 Wkh lpsohphqwdwlrq ri dq Hxohuldq �qlwh gl�huhqfh vfkhph
zlwk d uhvroxwlrq ri derxw 833 p zrxog kdyh vlplodu phpru| qhhgv dv wkh fdofxodwlrqv
suhvhqwhg khuh1
Wkh frqvlghudeoh phpru| exughq lpsrvhg e| wkh vwrudjh ri wkh ud| lqirupdwlrq fdq eh

uhgxfhg e| glylglqj wkh prgho grpdlq lqwr vxegrpdlqv1 Wkh xvh ri vxegrpdlqv lv fohduo|
d frpsurplvh ehwzhhq d sxuh Odjudqjldq dgyhfwlrq vfkhph dqg sudfwlfdo frqvlghudwlrqv1
Dw wkh lqwhuqdo erxqgdulhv lw uh0lqwurgxfhv qxphulfdo gl�xvlrq lq wkh dgyhfwlrq dqg uh0
frxsohv wkh ud|v wr wkh julg iru � A 31 Dowkrxjk qrw qhfhvvdu| lq wkh dssolfdwlrq suhvhqwhg
khuh lw vhhpv xqdyrlgdeoh iru lpsohphqwdwlrqv ri FUHVW rq yhu| odujh duhdv + h1j1 A
439 np5,1
Wkh uhsuhvhqwdwlrq e| uhiudfwlrq dorqh ri wkh h�hfwv ri vpdoo vfdoh erwwrp luuhjxodulwlhv

lv fxpehuvrph lq wkh suhvhqw prgho/ dqg pd| qrw uh�hfw wkh hqwluh frpsoh{lw| ri wkdw
surfhvv1 D vwdwlvwlfdo uhsuhvhqwdwlrq ri wkh lqwhudfwlrq ri zdyhv zlwk wkh vpdoohvw vfdoh
edwk|phwulf ihdwxuhv +h1j1 wkh zdyh0erwwrp Eudjj vfdwwhulqj vrxufh whup ghvfulehg lq
Kdvvhopdqq +4<99,/ dqg Orqj +4<:6,, dsshduv dwwudfwlyh ehfdxvh lw zrxog lpsuryh wkh
sk|vlfdo ghvfulswlrq ri zdyh0erwwrp lqwhudfwlrqv dqg wkh ud|v frpsxwhg rq vprrwkhu
edwk|phwu| zrxog eh ohvv vfdwwhuhg wkxv uhtxlulqj d vpdoohu qxpehu Qv ri lqwhusrodwlrq
frh�flhqwv1
Wkh vpdoo qxpehu ri julg srlqwv lq FUHVW lv dovr dgydqwdjhrxv iru frpsoh{ vrxufh

whupv +h1j1 txduwhw lqwhudfwlrqv ehwzhhq zdyh frpsrqhqwv, wkdw duh surklelwlyho| h{shq0
vlyh wr hydoxdwh dffxudwho| rq d kljk0uhvroxwlrq julg1 Ixuwkhupruh wkh �h{leoh prgho julg
jhqhudwhg iurp dq| duelwudu| vhw ri srlqwv fdq eh wdloruhg wr wkh edwk|phwu| dqg vkdsh
ri wkh prgho grpdlq zlwk kljkhu uhvroxwlrq lq wkh vkdoorzhvw sduwv ri wkh grpdlq1 Lq wklv
uhvshfw FUHVW lv vlplodu wr wkh WRPDZDF prgho +Ehqrlw hw do1/ 4<<9,1
Iru sudfwlfdo dssolfdwlrqv/ frpsxwlqj ud| wudmhfwrulhv lv wrr h{shqvlyh wr doorz d wlph0

ghshqghqw ud| jhrphwu|1 Wklv suhyhqwv wkh xvh ri FUHVW lq uhjlrqv zlwk vwurqj whpsrudo
phglxp yduldwlrqv vxfk dv xqvwhdg| fxuuhqwv dqg wlgdo ghswk fkdqjhv irxqg lq vkdoorz
hvwxdulhv dqg pdfurwlgdo vhdv/ xqohvv dq dssur{lpdwh uhsuhvhqwdwlrq ri wkhvh h�hfwv dv
vrxufh whupv lv irxqg1
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:1 VXPPDU\

D qrq0vwdwlrqdu| vshfwudo zdyh prgho zdv ghyhorshg xvlqj d k|eulg Hxohuldq0Odjudqjldq
vfkhph wr h{dplqh wkh gdpslqj ri vzhoo sursdjdwlqj dfurvv d zlgh/ vkdoorz frqwlqhqwdo
vkhoi1 Wkh prgho dffxudwho| uhsuhvhqwv uhiudfwlrq e| dgyhfwlqj zdyh hqhuj| iurp ghhs zd0
whu dorqj d ixoo vshfwuxp ri suhfrpsxwhg ud| wudmhfwrulhv wr d odujh qxpehu ri julg srlqwv
rq wkh vkhoi1 Wkh vrxufh whup lq wkh hqhuj| edodqfh lv frpsxwhg dw hdfk ri wkhvh julg
srlqwv/ edvhg rq wkh frpsohwh iuhtxhqf|0gluhfwlrqdo vshfwuxp1 Wkh vrxufh whup lv wkhq
lqwhusrodwhg iurp wkh Hxohuldq julg rqwr wkh ud|v/ wkxv doorzlqj iru qrqolqhdu frxsolqj
ri zdyh frpsrqhqwv wudyholqj dorqj gl�huhqw ud|v1 Wkh hqhuj| edodqfh lv dyhudjhg ryhu
hqvhpeohv ri ud|v wr uhsuhvhqw d �qlwh vshfwudo edqgzlgwk1 Wkh +Odjudqjldq, frpsxwdwlrq
ri hqhuj| dgyhfwlrq dorqj ud|v dqg wkh +Hxohuldq, vrxufh whup hydoxdwlrq duh fduulhg rxw
lq sdudooho wkurxjk wkh hqwluh prgho grpdlq1 Vrxufh whup irupxodwlrqv fdq eh dgdswhg
iurp h{lvwlqj wklug0jhqhudwlrq zdyh suhglfwlrq prghov/ zkhuhdv wkh �qlwh gl�huhqfh surs0
djdwlrq vfkhphv ri wkhvh prghov duh uhsodfhg zlwk d ixoo Odjudqjldq ud| phwkrg1 Wklv
k|eulg vfkhph dyrlgv wkh qxphulfdo gl�xvlrq dqg cjdughq vsulqnohu* sureohpv ri h{lvwlqj
prghov wkdw xvh �qlwh gl�huhqfh vfkhphv1 Wkh ud| fdofxodwlrqv dqg vrxufh whup lqwhusr0
odwlrq vfkhph dgg frqvlghudeoh frpsxwdwlrqdo h�ruw/ exw erwk wkh ud| wudmhfwrulhv dqg
lqwhusrodwlrq frh�flhqwv duh suhfrpsxwhg iru d jlyhq frdvwdo uhjlrq dqg prgho julg1 Wkh
vshfwudo hqhuj| edodqfh lv lqwhjudwhg lq wlph zlwk dq h�flhqf| frpsdudeoh wr h{lvwlqj
�qlwh0gl�huhqfh vfkhphv1
Wkh prgho zdv lpsohphqwhg zlwk d vrxufh whup uhvwulfwhg wr hqhuj| glvvlsdwlrq lq wkh

erwwrp erxqgdu| od|hu ryhu d prydeoh vdqg| ehg/ dv sdudphwhul}hg e| Wropdq +4<<7,1
Wkh prgho zdv xvhg wr klqgfdvw vzhoo hyroxwlrq dfurvv wkh Qruwk Fdurolqd frqwlqhqwdo vkhoi
iru d udqjh ri zdyh frqglwlrqv +vljql�fdqw zdyh khljkwv ehwzhhq 318 dqg 43 p/ dqg shdn
shulrgv ehwzhhq ; dqg 4: v, revhuyhg gxulqj wzr vwrupv lq 4<<71 Jrrg djuhhphqw ehwzhhq
revhuyhg dqg suhglfwhg yduldwlrqv ri vljql�fdqw zdyh khljkwv dqg phdq zdyh gluhfwlrqv
dfurvv wkh vkhoi vxssruwv wkh k|srwkhvlv wkdw uhiudfwlrq dqg prydeoh ehg erwwrp iulfwlrq
grplqdwh wkh hyroxwlrq ri vzhoo ryhu d vkdoorz vdqg| frqwlqhqwdo vkhoi1

Dfnqrzohgjphqwv1 Wklv uhvhdufk lv vxssruwhg e| wkh Frdvwdo G|qdplfv Surjudp ri
wkh R�fh ri Qdydo Uhvhdufk dqg e| wkh Iuhqfk Qdy| K|gurjudsklf dqg Rfhdqrjudsklf
Vhuylfh1 Wkh GXFN<7 �hog gdwd zhuh froohfwhg e| vwd� iurp wkh Vfulssv Lqvwlwxwlrq ri
Rfhdqrjudsk|0Fhqwhu iru Frdvwdo Vwxglhv dqg wkh Qdydo Srvwjudgxdwh Vfkrro1 Sdxo Mhvvhq
frqwulexwhg vljql�fdqwo| wr wkh zdyh dqg edwk|phwu| gdwd dqdo|vlv1 Zdyh gdwd zhuh
surylghg e| wkh Ilhog Uhvhdufk Idflolw| ri wkh X1V1 Dup| Frusv ri Hqjlqhhuv Zdwhuzd|v
H{shulphqw Vwdwlrq*v Frdvwdo Hqjlqhhulqj Uhvhdufk Fhqwhu dqg wkh Qdwlrqdo Gdwd Exr|
Fhqwhu1 Shuplvvlrq wr xvh wkhvh gdwd lv dssuhfldwhg1 Zh duh wkdqnixo wr Wlprwk| Vwdqwrq/
Hgzdug Wkruqwrq dqg Khqguln Wropdq iru iuxlwixo glvfxvvlrqv/ dqg dqrq|prxv uhylhzhuv
iru frqvwuxfwlyh uhpdunv1
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SDUDPHWHUL]DWLRQ RI WKH ERWWRP ERXQGDU\ OD\HU

Wkh exon dpsolwxghv ri zdyh ruelwdo yhorflw| xe dqg glvsodfhphqw de dw wkh wrs ri wkh
erwwrp erxqgdu| od|hu duh hydoxdwhg xvlqj htxdwlrqv +44, dqg +58, lq Pdgvhq hw do1*v
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fohdu zdwhu,/ dqg nhu dqg nhl duh wkh }hurwk rughu Nhoylq ixqfwlrqv1
Lq wkh suhvhqfh ri dfwlyh ulssohv ru vkhhw �rz/ nQ lv wdnhq wr eh wkh vxp ri d ulssoh

urxjkqhvv nu dqg d vkhhw �rz urxjkqhvv nv1 Pdgvhq hw do1 +4<<3, jdyh hpslulfdo ydoxhv ri
nu iru udqgrp zdyhv lq oderudwru| h{shulphqwv dqg Zlovrq +4<;<, h{wudsrodwhg wr zdyhv
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PRGHO WHVWV

Wkh huuru lq wkh ud| frpsxwdwlrq lv frqwuroohg e| wkh yduldeoh wlph vwhs/ exw rwkhu huuruv
duh lqwurgxfhg e| wkh glvfuhwl}dwlrq lq iuhtxhqf| dqg gluhfwlrq dqg wkh ud| hqvhpeoh
dyhudjh1 Wkh dffxudf| ri wkh sursdjdwlrq vfkhph zdv whvwhg e| dsso|lqj wkh prgho
zlwk wkh vrxufh whup vhw htxdo wr }hur wr dq lghdol}hg vkhoi zlwk sdudooho ghswk frqwrxuv/
iru d xqlirup dqg vwdwlrqdu| r�vkruh erxqgdu| frqglwlrq +Iljxuh 451d, 1 Wkh phdq zdyh
gluhfwlrqv dqg gluhfwlrqdo glvwulexwlrqv ri hqhuj| suhglfwhg e| wkh prgho djuhh forvho| zlwk
dqdo|wlfdo +Vqho*v odz, uhvxowv +Iljxuh 451e dqg 451f,/ ghprqvwudwlqj wkdw ud| lqwhjudwlrq
dqg glvfuhwl}dwlrq huuruv duh vpdoo1
Wkh prgho irupxodwlrq dvvxphv wkdw wkh vrxufh whup ydulhv rq vfdohv frpsdudeoh wr ru

odujhu wkdq wkh vsdflqj ri wkh julg1 Wklv frqglwlrq lv uhtxluhg iru d ydolg lqwhusrodwlrq1 Wkh
dffxudf| ri wkh lqwhusrodwlrq vfkhph zdv whvwhg e| frpsxwlqj wkh vrxufh whup gluhfwo| dw
53 dgglwlrqdo julg srlqwv orfdwhg dorqj d ud| vhjphqw +iru 313: K} zdyhv, wkdw fryhuv d ixoo
vrxufh whup lqwhjudwlrq wlph vwhs �w @ 933 v1 Vrxufh whup hvwlpdwhv lqwhusrodwhg rqwr wklv
ud| vhjphqw zlwk htv1 +45g/h, lq d klqgfdvw ri zdyh hyroxwlrq dfurvv wkh Qruwk Fdurolqd
vkhoi +vhfwlrq 8,/ duh frpsduhg zlwk gluhfw hvwlpdwhv dw wkh dgglwlrqdo julg srlqwv lq Iljxuh
46 1 Uhvxowv +dyhudjhg ryhu d wlph vwhs �w, vkrz wkdw wkh olqhdu vsdwldo lqwhusrodwlrqv jlyh
d jrrg dssur{lpdwlrq ri vxejulg yduldwlrqv lq wkh vrxufh whup1 Wkdw lv/ wkh vrxufh whup
judglhqwv duh udwkhu zhoo uhvroyhg e| wkh julg1 Wkh lqwhusrodwlrq lv prvw dffxudwh zkhq
wkh ulssoh uhjlph lv wkh vdph dw doo wkh qhljkerulqj julg srlqwv1 Ryhudoo/ d txdvl0olqhdu
lpsohphqwdwlrq ri wkh prydeoh ehg vrxufh whup +l1h1 V @ �I / U @ 3 lq ht1 +43,, +Iljxuh
461d,/ |lhogv vpdoohu huuruv wkdq d qrq0olqhdu lpsohphqwdwlrq ri wkh vdph vrxufh whup +l1h1
� @ 3/ U @ V lq ht1 +43,, +Iljxuh 461e,1

UHIHUHQFHV

Ehqrlw/ P1/ I1 Pdufrv/ dqg I1 Ehft/ 4<<9= Ghyhorsphqw ri d wklug jhqhudwlrq vkdoorz0
zdwhu zdyh prgho zlwk xqvwuxfwxuhg vsdwldo phvklqj1 Surfhhglqjv ri wkh 58wk lqwhuqd0

wlrqdo frqihuhqfh rq frdvwdo hqjlqhhulqj/ DVFH/ 798~7:;1

Errlm/ Q1/ U1 F1 Ulv/ dqg O1 K1 Krowkxlmvhq/ 4<<<= D wklug0jhqhudwlrq zdyh prgho iru
frdvwdo uhjlrqv1 41 prgho ghvfulswlrq dqg ydolgdwlrq1 M1 Jhrsk|v1 Uhv1/ 437+F7,/ :/97<~
:/9991

Erxzv/ H1 dqg M1 D1 Edwwmhv/ 4<;5= D Prqwh0Fduor dssurdfk wr wkh frpsxwdwlrq ri
uhiudfwlrq ri zdwhu zdyhv1 M1 Jhrsk|v1 Uhv1/ ;:+F;,/ 8/:4;~8/:551

��� dqg J1 M1 Nrphq/ 4<;6= Rq wkh edodqfh ehwzhhq jurzwk dqg glvvlsdwlrq lq dq
h{wuhph ghswk0olplwhg zlqg0vhd lq wkh vrxwkhuq Qruwk Vhd1 M1 Sk|v1 Rfhdqrju1/ 46/
4986~498;1

Fdydohul/ O1 dqg S1 Pdodqrwwh0Ul}}rol/ 4<;4= Zlqg zdyh suhglfwlrq lq vkdoorz zdwhu=
wkhru| dqg dssolfdwlrqv1 M1 Jhrsk|v1 Uhv1/ ;9+F8,/ 43/<94~43/<:81
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8�}� 441 Prgho whvwv zlwk dq dorqjvkruh xqlirup vkhoi1 Wkh r�vkruh zdyh hqhuj| lv glv0
wulexwhg xqlirupo| ryhu d qduurz +31398803139;8 K}, iuhtxhqf| edqg1 +d, Furvv0vkhoi
ghswk sur�oh1 +e, Suhglfwhg +., dqg dqdo|wlfdo +vrolg olqh, phdq zdyh gluhfwlrq yhuvxv
furvv0vkhoi glvwdqfh1 Uhvxowv duh vkrzq iru qduurz r�vkruh gluhfwlrqdo glvwulexwlrqv +vwdq0
gdug ghyldwlrq ri 43 ghjuhhv, zlwk phdq zdyh gluhfwlrqv ydu|lqj ehwzhhq 63� dqg 483�1
+f, Dq h{dpsoh gluhfwlrqdo glvwulexwlrq suhglfwhg e| wkh prgho +., lq 53 p ghswk iru d
jlyhq r�vkruh elprgdo glvwulexwlrq +grwwhg olqh, lv frpsduhg wr wkh dqdo|wlfdo vroxwlrq
+vrolg olqh,1
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8�}� 451 Lqwhusrodwhg yhuvxv gluhfwo| frpsxwhg ydoxhv ri V@I +lqyhuvh ri wkh erwwrp
glvvlsdwlrq h0iroglqj wlph,/ xvlqj +d, d txdvl0olqhdu vrxufh whup lpsohphqwdwlrq wkdw lq0
whusrodwhv � +Ht1 46e,/ dqg +e, d qrq0olqhdu lpsohphqwdwlrq ri wkh vdph vrxufh whup
wkdw lqwhusrodwhv V +Ht1 46d,1 Wkh vrxufh whup hvwlpdwhv duh dyhudjhv ryhu d 43 plqxwh
wlph vwhs1 V|perov uhsuhvhqw gl�huhqw erxqgdu| od|hu uhjlphv zlwklq wkh julg fhoo= uholfw
ulssohv +.,/ dfwlyh ulssohv +7,/ dqg d wudqvlwlrq iurp uholfw wr dfwlyh ulssohv +�,1
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Foliwrq/ K1 H1/ 4<:9= Zdyh0iruphg vhglphqwdu| vwuxfwxuhv= d frqfhswxdo prgho1 Ehdfk

dqg qhduvkruh vhglphqwdwlrq/ U1 D1 Gdylv/ Mu hw U1 O1 Hwklqjwrq/ Hgv1/ qxpehu 57/
VHSP/ 459~47;1

Grevrq/ U1 V1/ 4<9:= Vrph dssolfdwlrqv ri d gljlwdo frpsxwhu wr k|gudxolf hqjlqhhulqj
sureohpv1 Whfkqlfdo Uhsruw ;3/ Ghsduwphqw ri Flylo Hqjlqhhulqj/ Vwdqirug Xqlyhuvlw|1

Jhofl/ U1/ K1 Fd}do�h/ dqg M1 Ydvvdo/ 4<8:= Su�hylvlrq gh od krxoh1 od p�hwkrgh ghv ghq0
vlw�hv vshfwurdqjxodluhv1 Exoohwlq g*lqirupdwlrq gx Frplw�h fhqwudo g*Rf�hdqrjudsklh hw

g*Hwxgh ghv Farwhv/ </ 749~7681

Judehu/ K1 F1 dqg R1 V1 Pdgvhq/ 4<;;= D �qlwh0ghswk zlqg0zdyh prgho1 sduw 4= prgho
ghvfulswlrq1 M1 Sk|v1 Rfhdqrju1/ 4;/ 4/798~4/7;61

Judqw/ Z1 G1 dqg R1 V1 Pdgvhq/ 4<:<= Frpelqhg zdyh dqg fxuuhqw lqwhudfwlrq zlwk d
urxjk erwwrp1 M1 Jhrsk|v1 Uhv1/ ;7/ 4:<:~4;3;1

��� dqg���/ 4<;5= Prydeoh ehg urxjkqhvv lq xqvwhdg| rvfloodwru| �rz1 M1 Jhrsk|v1
Uhv1/ ;:+F4,/ 79<~7;41

Kdvvhopdqq/ N1/ 4<95= Rq wkh qrq0olqhdu hqhuj| wudqvihu lq d judylw| zdyh vshfwuxp/ sduw
4= jhqhudo wkhru|1 M1 Ioxlg Phfk1/ 45/ 7;4~8341

���/ 4<99= Ih|qpdq gldjudpv dqg lqwhudfwlrq uxohv ri zdyh0zdyh vfdwwhulqj surfhvvhv1
Uhylhz ri Jhrsk|vlfv/ 7+4,/ 4~651

���/ W1 S1 Eduqhww/ H1 Erxzv/ K1 Fduovrq/ G1 H1 Fduwzuljkw/ N1 Hqnh/ M1 D1 Hzlqj/
K1 Jlhqdss/ G1 H1 Kdvvhopdqq/ S1 Nuxvhpdq/ D1 Phhuexuj/ S1 P�xoohu/ G1 M1 Roehuv/
N1 Ulfkwhu/ Z1 Vhoo/ dqg K1 Zdoghq/ 4<:6= Phdvxuhphqwv ri zlqg0zdyh jurzwk dqg
vzhoo ghfd| gxulqj wkh Mrlqw Qruwk Vhd Zdyh Surmhfw1 Ghxw1 K|gurju1 ]1/ ;+45,/ 4~<81
Vxsso1 D1

Khuehuv/ W1 K1 F1/ V1 Hojdu/ dqg U1 W1 Jx}d/ 4<<<= Gluhfwlrqdo vsuhdglqj ri zdyhv lq wkh
qhduvkruh1 M1 Jhrsk|v1 Uhv1/ 437+F7,/ :9;6~:9<61

���/ H1 M1 Khqgulfnvrq/ dqg Z1 F1 R*Uhloo|/ 5333= Sursdjdwlrq ri vzhoo dfurvv d zlgh
frqwlqhqwdo vkhoi1 M1 Jhrsk|v1 Uhv1 Lq suhvv1

Mrqvvrq/ L1 J1/ 4<;3= D qhz dssurdfk wr rvfloodwru| urxjk wxuexohqw erxqgdu| od|huv1
Rfhdq Hqj1/ :/ 43<~4851

Ndmlxud/ N1/ 4<9;= D prgho ri wkh erwwrp erxqgdu| od|hu lq zdwhu zdyhv1 Exoo1 Hduwk0
txdnh Uhv1 Lqvw1 Xqly1 Wrn|r/ 79/ :8~4561

Nrphq/ J1 M1/ O1 Fdydohul/ P1 Grqhodq/ N1 Kdvvhopdqq/ V1 Kdvvhopdqq/ dqg S1 D1 H1 P1
Mdqvvhq/ 4<<7= G|qdplfv dqg prghoolqj ri rfhdq zdyhv1 Fdpeulgjh Xqlyhuvlw| Suhvv/
Fdpeulgjh1

Ohqw}/ V1/ U1 W1 Jx}d/ V1 Hojdu/ I1 Ihgghuvhq/ dqg W1 K1 F1 Khuehuv/ 4<<<= Prphqwxp
edodqfhv rq wkh Qruwk Fdurolqd lqqhu vkhoi1 M1 Jhrsk|v1 Uhv1/ 437+F;,/ 4;/538~4;/5591
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Ol/ P1 ]1 dqg F1 O1 Dprv/ 4<<;= Suhglfwlqj ulssoh jhrphwu| dqg ehg urxjkqhvv xqghu
frpelqhg zdyhv dqg fxuuhqwv lq d frqwlqhqwdo vkhoi hqylurqphqw1 Frqwlqhqwdo Vkhoi

Uhvhdufk/ 4;/ <74~<:31

��� dqg ���/ 4<<<= Vkhhw �rz dqg odujh zdyh ulssohv xqghu frpelqhg zdyhv dqg
fxuuhqwv= �hog revhuydwlrqv/ prgho suhglfwlrqv dqg h�hfw rq erxqgdu| od|hu g|qdplfv1
Frqwlqhqwdo Vkhoi Uhvhdufk/ 4</ 96:~9961

Orqj/ U1 E1/ 4<:6= Vfdwwhulqj ri vxuidfh zdyhv e| dq luuhjxodu erwwrp1 M1 Jhrsk|v1 Uhv1/
:;+66,/ 43/<;:~44/3371

Orqjxhw0Kljjlqv/ P1 V1/ 4<8:= Rq wkh wudqvirupdwlrq ri d frqwlqxrxv vshfwuxp e| uhiudf0
wlrq1 Surfhhglqjv ri wkh Fdpeulgjh sklorvrsklfdo vrflhw|/ 86+4,/ 559~55<1

Oxr/ Z1 dqg M1 Prqedolx/ 4<<7= H�hfwv ri wkh erwwrp iulfwlrq irupxodwlrq rq wkh hqhuj|
edodqfh iru judylw| zdyhv lq vkdoorz zdwhu1 M1 Jhrsk|v1 Uhv1/ <<+F<,/ 4;/834~4;/8441

O|juh/ D1 dqg K1 H1 Nurjvwdg/ 4<;9= Pd{lpxp hqwurs| hvwlpdwlrq ri wkh gluhfwlrqdo
glvwulexwlrq lq rfhdq zdyh vshfwud1 M1 Sk|v1 Rfhdqrju1/ 49/ 5/385~5/3931

Pdgvhq/ R1 V1/ \10N1 Srrq/ dqg K1 F1 Judehu/ 4<;;= Vshfwudo zdyh dwwhqxdwlrq e| erwwrp
iulfwlrq= wkhru|1 Surfhhglqjv ri wkh 54wk lqwhuqdwlrqdo frqihuhqfh rq frdvwdo hqjlqhhulqj/
DVFH/ 7<5~8371

���/ S1 S1 Pdwklvhq/ dqg P1 P1 Urvhqjdxv/ 4<<3= Prydeoh ehg iulfwlrq idfwruv iru
vshfwudo zdyhv1 Surfhhglqjv ri wkh 55qg lqwhuqdwlrqdo frqihuhqfh rq frdvwdo hqjlqhhulqj/
DVFH/ 753~75<1

Pdwklvhq/ S1 S1 dqg R1 V1 Pdgvhq/ 4<<<= Zdyh dqg fxuuhqwv ryhu d �{hg ulssohg ehg1
61 erwwrp dqg dssduhqw urxjkqhvv iru vshfwudo zdyhv dqg fxuuhqwv1 M1 Jhrsk|v1 Uhv1/
437+F;,/ 4;/77:~4;/7941

Ploolpdq/ M1 G1/ R1 K1 Slonh|/ dqg G1 D1 Urvv/ 4<:5= Vhglphqwv ri wkh frqwlqhqwdo pdujlq
r� wkh hdvwhuq Xqlwhg Vwdwhv1 Jhrorjlfdo Vrflhw| ri Dphulfd Exoohwlq/ ;6/ 4648~46661

Pxqn/ Z1 K1 dqg P1 D1 Wud|oru/ 4<7:= Uhiudfwlrq ri rfhdq zdyhv= d surfhvv olqnlqj
xqghuzdwhu wrsrjudsk| wr ehdfk hurvlrq1 Mrxuqdo ri Jhrorj|/ OY+4,/ 4~591

Qlhovhq/ S1/ 4<;4= G|qdplfv dqg jhrphwu| ri zdyh0jhqhudwhg ulssohv1 M1 Jhrsk|v1 Uhv1/
;9+F:,/ 9/79:~9/7:51

���/ 4<<5= Frdvwdo erwwrp erxgdu| od|huv dqg vhglphqw wudqvsruw1 Zruog Vflhqwl�f
Sxeolvklqj1

R*Uhloo|/ Z1 F1 dqg U1 W1 Jx}d/ 4<<4= Frpsdulvrq ri vshfwudo uhiudfwlrq dqg uhiudfwlrq0
gl�udfwlrq zdyh prghov1 Mrxuqdo ri Zdwhuzd|/ Sruw/ Frdvwdo dqg Rfhdq Hqjlqhhulqj/
44:+6,/ 4<<~5481

��� dqg ���/ 4<<6= D frpsdulvrq ri wzr vshfwudo zdyh prghov lq wkh Vrxwkhuq
Fdoliruqld Eljkw1 Frdvwdo Hqj1/ 4</ 596~5;51

66



Suhvv/ Z1 K1/ V1 D1 Whxnrovn|/ Z1 W1 Yhwwhuolqj/ dqg E1 S1 Iodqqhu|/ 4<<5= Qxphulfdo

Uhflshv1 Fdpeulgjh Xqlyhuvlw| Suhvv/ vhfrqg hglwlrq1

Vkhpglq/ R1 K1/ V1 Y1 Kvldr/ K1 H1 Fduovrq/ N1 Kdvvhopdqq/ dqg N1 Vfkxo}h/ 4<;3=
Phfkdqlvpv ri zdyh wudqvirupdwlrq lq �qlwh ghswk zdwhu1 M1 Jhrsk|v1 Uhv1/ ;<+F<,/
8345~834;1

Vreh|/ U1 M1/ 4<;9= Zlqg0zdyh suhglfwlrq1 Dqqx1 Uhy1 Ioxlg Phfk1/ 4;/ 47<~4:51

VZDPS Jurxs/ 4<;7= Rfhdq zdyh prghoolqj1 Sohqxp Suhvv/ Qhz \run1

Vzliw/ G1 M1 S1 dqg S1 Vhduv/ 4<:7= Hvwxdulqh dqg olwwrudo ghsrvlwlrqdo sdwwhuqv lq wkh
vxu�fldo vdqg vkhhw fhqwudo dqg vrxwkhuq Dwodqwlf vkhoi ri Qruwk Dphulfd1 P�hprluhv gh

o*Lqvwlwxw J�hrorjltxh gx Edvvlq Dtxlwdlq/ :/ 4:4~4;<1

Wropdq/ K1 O1/ 4<<7= Zlqg zdyhv dqg pryhdeoh0ehg erwwrp iulfwlrq1 M1 Sk|v1 Rfhdqrju1/
57/ <<7~4/33<1

���/ 4<<8= Vxejulg prgholqj ri pryhdeoh0ehg erwwrp iulfwlrq lq zlqg zdyh prghov1
Frdvwdo Hqj1/ 59/ 8:~:81

Wud|nryvnl/ S1/ D1 H1 Kd|/ M1 G1 Lulvk/ dqg M1 I1 O|qfk/ 4<<<= Jhrphwu|/ pljudwlrq/ dqg
hyroxwlrq ri zdyh ruelwdo ulssohv dw OHR0481 M1 Jhrsk|v1 Uhv1/ 437+F4,/ 4/838~4/8571

ZDPGL Jurxs/ 4<;;= Wkh ZDPprgho 0 d wklug jhqhudwlrq rfhdq zdyh suhglfwlrq prgho1
M1 Sk|v1 Rfhdqrju1/ 4;/ 4/::8~4/;431

Zhehu/ Q1/ 4<<4d= Erwwrp iulfwlrq iru zlqg vhd dqg vzhoo lq h{wuhph ghswk0olplwhg vlwx0
dwlrqv1 M1 Sk|v1 Rfhdqrju1/ 54/ 47<~4:51

Zhehu/ V1 O1/ 4<;;= Wkh hqhuj| edodqfh ri �qlwh ghswk judylw| zdyhv1 M1 Jhrsk|v1 Uhv1/
<6/ 6/934~6/93:1

���/ 4<<4e= Hgg|0ylvfrvlw| dqg gudj0odz prghov iru udqgrp rfhdq zdyh glvvlsdwlrq1
M1 Ioxlg Phfk1/ 565/ :6~<;1

Zklwkdp/ J1 E1/ 4<:7= Olqhdu dqg qrqolqhdu zdyhv1 Zloh|/ Qhz \run1 969 s1

Zlehuj/ S1 O1/ 4<<8= D wkhruhwlfdo lqyhvwljdwlrq ri erxqgdu| od|hu �rz dqg erwwrp vkhdu
vwuhvv iru vprrwk/ wudqvlwlrqdo dqg urxjk �rz xqghu zdyhv1 M1 Jhrsk|v1 Uhv1/ 433+F44,/
55/99:~55/9:<1

��� dqg F1 N1 Kduulv/ 4<<7= Ulssoh jhrphwu| lq zdyh0grplqdwhg hqylurqphqwv1 M1

Jhrsk|v1 Uhv1/ <<+F4,/ ::8~:;<1

Zlovrq/ N1 F1/ 4<;<= Iulfwlrq ri zdyh0lqgxfhg vkhhw �rz1 Frdvwdo Hqj1/ 45/ 6:4~6:<1

\rxqj/ L1 U1/ 4<;;= D vkdoorz zdwhu vshfwudo zdyh prgho1 M1 Jhrsk|v1 Uhv1/ <6+F8,/
8/446~8/45<1

��� dqg U1 P1 Jrupdq/ 4<<8= Phdvxuhphqwv ri wkh hyroxwlrq ri rfhdq zdyh vshfwud
gxh wr erwwrp iulfwlrq1 M1 Jhrsk|v1 Uhv1/ 433+F9,/ 43/<;:~44/3371
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Ilj1 7= Erwwrp wrsrjudsk| dqg prgho julg1 Wkh julg srlqwv zkhuh wkh vrxufh whup
lv hydoxdwhg duh wkh qrghv ri wkh wuldqjxodu phvk1 D olqhdu lqwhusrodwlrq lv dssolhg lq
hdfk wuldqjoh wr dssur{lpdwh wkh vrxufh whup dorqj wkh ud|v +Iljxuh 4,1 Wkh hqwluh prgho
grpdlq lv vxeglylghg lqwr vxegrpdlqv vhsdudwhg e| wklfnhu olqhv1 Julg srlqwv ghqrwhg
zlwk grwv odehohg D wr L duh wkh orfdwlrqv ri suhvvxuh vhqvruv ghsor|hg gxulqj wkh GXFN<7
�hog h{shulphqw1
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